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ABSTRACT 
The Upper Cretaceous Frontier Formation, along the western 
margin of the western interior foreland basin, is composed of 
clastic sediments that were deposited during the initial Late 
Cretaceous transgressive-regressive phases of the Western 
Interior Seaway across Wyoming. The lithofacies belonging to 
the Frontier Formation are subdivided into three distinct 
units which are, in ascending order: the lower Frontier unit, 
characterized by bioturbated sandstone, mudstone, bentonitic 
mudstone, and chert-pebble conglomerate/ the middle Frontier 
unit, a thick sequence of sandstone, carbonaceous mudstone, 
bentonites, and chert-andesite-granite-quartzite pebble 
conglomerate/ and the upper Frontier unit which incorporates 
thick beds of sandstone, siltstone, and bioturbated mudstone. 
Lateral as well as vertical variation in lithofacies is 
pronounced and sediment-fill is asymmetric. Facies patterns, 
hydrodynamic structures, ichnofaunal assemblages, and the 
2 
geometry of the individual units strongly suggest 
sedimentation at a fluctuating shoreline with intermittent 
influxes of terrigenous components into a rapidly subsiding 
foreland basin. 
Temporal variations in sandstone composition and clast 
lithology within the Frontier indicate an evolving 
northwesterly source terrain comprised of Precambrian 
crystalline rocks, a Paleozoic sedimentary sequence in a 
back-arc fold-and-thrust belt, and volcanic rocks of a late 
Cretaceous continental-arc. Sedimentation within the 
foreland basin was influenced by both intra- and extrabasinal 
conditions. Geochemical data for the bentonites indicate 
that the volcanism in the northerly source area changed in 
character with time and point to an increase in the degree 
of partial melting and a decrease in crustal involvement 
with time. 
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GENERAL INTRODUCTION 
Study Area 
The majority of the data presented and interpreted in this 
dissertation was collected at outcrops of the Upper 
Cretaceous Frontier Formation in north-central Wyoming. In 
northern Wyoming, the Frontier Formation is exposed on the 
margins of the Bighorn, Powder River, and Wind River Basins 
(Figure 1). The Frontier Formation also is exposed in more 
central parts of these basins, where the younger rocks have 
been eroded above major anticlinal and domal structures. The 
most concentrated field study was accomplished in north-
central Wyoming (43®N-45®N latitude, 106®W-109®W longitude) 
which includes the southwestern margin of the Powder River 
Basin, the northern Wind River Basin, and the Bighorn Basin. 
Research Objectives 
The primary goal of this research was to present 
paleoenvironmental, provenance, and tectonic interpretations 
of the Frontier Formation in north-central Wyoming. These 
interpretations define the processes responsible for the 
-46° 
Billings 
I \) \ MONTANA 
BIGHORN J 9 
BASIN 
YOMING 
POWDER 
RIVER 
BASIN 
-44 
OWL CREEK MTNST 
1^1 1^0 1^9 1(j8" 1^7 
40 Ml 
50 km 
Figure 1. Location map of study area 
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transport/ deposition, and preservation of the various 
lithofacies of the Formation. They also offer explanations 
for the regional variations in the thickness, lithology, 
composition, and sedimentary structures observed within each 
lithofacies. 
In addition, a significant emphasis of this research was 
to refine the provenance, paleoenvironmental and tectonic 
interpretations made by other workers. Most of these 
previous studies were of a more regional nature than the 
present study. 
Restricting the areal and stratigraphie scope of this 
study to northern Wyoming allowed more precise observations 
to be made on a much smaller scale than was feasible in 
more regional investigations. The increased detail of this 
study promised to lend greater resolution to the general 
conclusions made in previous work. 
This dissertation is divided into four "self-contained 
chapters" which describe four unique approaches to this 
problem. 
The first chapter describes the facies relationships and 
depositional environments of the Upper Cretaceous Frontier 
Formation exposed both in the Bighorn and Powder River Basins. 
The second chapter is a description and interpretation of 
6 
the polymictic conglomerate unit (Torchlight sandstone and 
equivalents) and utilizes the petrology, gravel fabric, 
field, and trace-element data to provide a better 
understanding of the provenance, tectonics, and environments 
of deposition for the Torchlight unit. 
The third chapter primarily focuses on the field and 
compositional aspects of several bentonites associated with 
the lower and middle Frontier units to determine the original 
ash composition, source area, and chemical evolution of the 
upland source terrain. 
The fourth chapter deals with the sandstone petrology and 
diagenetic aspects of the Frontier sandstones and aims at 
providing explanations for temporal variation in sediment 
composition, significance of intraforeland uplifts, and 
influence of depositional setting in controlling the final 
mineralogy of the Frontier sandstones. 
Each chapter contains a conclusion for each project. To 
avoid repetition, figures and tables are consecutively 
numbered. 
Study Methods 
Four field seasons (1986-1989) were spent studying the 
Frontier Formation at outcrops in northern Wyoming. This 
7 
field work forms a critical part of the research for this 
dissertation. The data collected in the field consist of 
measured stratigraphie sections, paleocurrent measurements, 
gravel-fabric, descriptions of primary hydrodynamic and 
biogenic sedimentary structures. Still photography was 
used to document these observations. 
Laboratory methods 
Petroloçrical investigations Several methods of 
laboratory analysis were used to study samples collected 
during the field work. To verify and calibrate the grain-
size estimates made in the field, grain-size analyses were 
carried out on selected sandstone samples. Loose-grain 
mounts were prepared (250-50 microns size) for both light 
and heavy mineral separates and were inspected using a 
pétrographie microscope. The mineralogy of the clay-sized 
fraction was analyzed by X-ray diffraction. Pétrographie 
thin sections were inspected using a pétrographie microscope. 
Geochemieal investigations Whole-rock trace element 
geochemistry of samples involving sandstone, bentonite, 
shale, andesite-granite-chert-quartzite clasts, and 
matrix of conglomerate were carried out using a Kevex X-ray 
8 
fluorescence unit. Concentrations of alkali and other rare 
earth elements, including Rb, Ba, Sr, La, Zn, Zr, Y, Ti, Ce, 
Mn, Cu, and Ni were recorded in parts per million (ppm) and 
were used as essential geochemical markers within beds. 
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CHAPTER I. 
STRATIGRAPHY AND SEDIMENTOLOGY OF THE UPPER CRETACEOUS 
FRONTIER FORMATION, NORTH-CENTRAL WYOMING 
10 
ABSTRACT 
The Upper Cretaceous Frontier Formation (early Cenomanian 
to upper Turonian), along the western margin of the western 
interior foreland basin, is composed of clastic sediments 
that were deposited during the initial Late Cretaceous 
transgressive-regressive phases of the Western Interior 
Seaway across Wyoming. Sediment-fill of the foreland basin 
is asymmetric. Most coarse clastics were deposited along the 
basin's western margin. The Frontier is overlain by the 
transgressive marine Cody Shale and is underlain by the 
marine Mowry Shale. 
Lithologically, it is divided into three distinct units 
which are in ascending order: the lower Frontier unit (Third 
Wall Creek sandstone), characterized by well-bioturbated 
sandstone, mudstone, bentonitic mudstone, and chert-pebble 
conglomerate; the middle Frontier unit (Second Wall Creek 
sandstone), a thick sequence of sandstone, mudstone, 
carbonaceous bentonite, and chert-andesite-granite-quartzite 
pebble conglomerate; and the upper Frontier unit (First Wall 
Creek sandstone) which incorporates thick beds of bioturbated 
sandstone, siltstone, and mudstone. There is a general 
coarsening upward trend in the Frontier lithofacies. 
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Field data involving facies relationships, paleocurrent, 
and clast composition data suggest a westerly as well as 
a northwesterly provenance for the Frontier sediments. A rich 
and diverse ichnofossil assemblages associated with Frontier 
sandstone and mudstone permitted identification of several 
cyclic patterns of sedimentation, reflecting response of 
organisms to fluctuating oxygen-levels on a seafloor 
generally sloping to the south. 
In response to incipient Laramide-induced tectonism, 
shifting in facies thickness and sediment character were well 
imprinted on the stratigraphie record. In addition, 
infrabasinal controls on sedimentation were amply 
demonstrated by the coarse lithofacies belonging to the 
middle Frontier unit (Torchlight sandstone and its 
equivalents) and by the characteristic distribution of 
ichnofossil assemblages within upper and lower Frontier 
sediments. 
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INTRODUCTION 
The present study includes detailed field aspects, facies 
relationships, and depositional environment interpretation of 
the Frontier Formation in north-central Wyoming (Figure 1). 
Previous descriptions of Frontier rocks (Goodell, 1962/ 
Keefer, 1972/ Merewether and Cobban, 1986/ Van Houten, 1962) 
comprise mainly lithologie, stratigraphie and to a minor 
extent, some pétrographie accounts. Good exposure, 
relatively persistent rock units, and not thorough diagenetic 
reconstitution, particularly in the various sandstone 
packages within the Frontier Formation, permit detailed 
evaluation of the sedimentology, sedimentary petrology, and 
immobile trace-element data of the Frontier rocks. These, 
along with interpretation of depositional and tectonic 
settings, form the basis of this study. The location and 
distribution of Frontier outcrop in north-central Wyoming is 
shown in Figure 2. 
The Frontier Formation (Table 1) in north-central Wyoming 
is principally Cenomanian and Turonian in age (Merewether and 
Cobban, 1986/ Obradovich and Cobban, 1975). The basal 150 to 
200 m is Belle Fourche (early Cenomanian) in age and it is 
nearly everywhere conformable with the Lower Cretaceous 
13 
S' 
BRIOQER 
Moon to CKfCX 
.POwEa 0«tuj 
i l »  
MONTANA 
WYOMING 
SHiip um 
. alkauantwj* 
V SHERIOAN • 
K»r*LO #&L 
RISCRVOM 
BIGHORN 3^ 
^ Miw \ 
N 
SHELL 
"V" ISU QEOL CAMP 
BASIN 
- UOTIITU 
HAIATOM DOWf^ 
tutnmorout 
•THERMOPOLIS 
OUTCROP MAP OF THE FRONTIER FORMATION 
IN NORTH-CENTRAL WYOMINQ. 
mOM 10V< « CMUITUMMH <Mi 
»-CROSS-STRATIFICATION 
VECTORS 
109° 
STUDIED AREA 
FRONTIER OUTCROP 
108° 
BUFFALO 
TENSLEEP 
. WORLANO 
MAYOWORTH 
16 KM 
45" 
44 
107 
Figure 2. Outcrop map of the Upper Cretaceous Frontier 
Formation in north-central Wyoming. Selected 
localities are also shown 
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Table 1. Frontier lithofacies classification used in this 
study. General characteristics are also given. 
Assigned ages after Merewether et al. (1979); 
Cavanaugh, 1976/ and Goodell, 1962 
Lithofacies Characteristics fiithotyp* subdivisons 
upper Frontier 
unit (upper 
Turonian) 
middle Frontier 
unit (late to 
early Turonian) 
lower Frontier 
unit (early 
Cenomanian 
b. siltstone, carbonaceous mudstone, and 
shale; Ophiomorpha ichnofossil. 
a. thick beds of sandstone. 
Combined thickness : 15-65 meters. Also 
known as First Wall Creek sandstone. 
d. sandstone with chert-andesite-granite-
quartzite pebble conglomerate 
(equivalent to Torchlight sandstone). 
c. carbonaceous, locally silicified 
bentonitic mudstone and sandstone. 
b. lenticular, carbonaceous sandstone. 
a. carbonaceous bentonitic mudstone. 
Combined thickness; 75-125 meters. Also 
known as Second Wall Creek sandstone. 
c. bentonite, locally silicified. 
b. moderately sorted bioturbated 
sandstone with lenses of chert-pebble 
conglomerate; several concretionary 
horizons; glauconitic at the top. 
AsterosomAf Diplocraterion, and 
Teichichnus Ichnofossils (equivalent 
to Peay sandstone). 
a. fine-grained laminated sandstone 
with poorly bioturbated mudstone. 
Combined thickness: 150-200 meters. Also 
known as Third Wall Creek sandstone. 
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siliceous Mowry Shale (Figure 3). The middle 75 to 125 m of 
the Frontier is of Greenhorn (late Cenomanian to early 
Turonian) age. The upper portion of the Frontier in most of 
Wyoming consists of 15 to 65 m of arenaceous beds, including 
the First Wall Creek sandstone/ and it is primarily of 
Carlile (upper Turonian) age (Cavanaugh, 1976/ Cobban and 
Reeside, 1952/ Kauffman et al., 1987). 
Figure 3. Photograph showing conformable Mowry (Km) - Frontier 
(Kf) contact relationship at the Lovell locality. 
The person standing is for scale 
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FACIES RELATIONSHIPS 
Lower Frontier Unit: Bighorn Basin 
According to the correlations made here, the Frontier 
Formation is subdivided into three rather persistent units 
which are, in ascending order; the lower Frontier unit (Third 
Wall Creek sandstone), characterized by bioturbated sandstone, 
mudstone, bentonitic mudstone, and chert-pebble conglomerate; 
the middle Frontier unit (Second Wall Creek sandstone), a 
thick sequence of sandstone, mudstone, carbonaceous 
bentonite, and chert-andesite-granite-quartzite pebble 
conglomerate/ and the upper Frontier unit (First Wall Creek 
sandstone) which incorporates thick beds of partly 
bioturbated sandstone, siltstone, and mudstone (Table 1). 
The lower Frontier unit (Table 1) commonly consists of 
three rather distinct parts. The basal part of the lower 
Frontier Unit is composed of a sequence of relatively thin 
layers of very fine to fine-grained sandstone, interbedded 
with irregularly laminated dark gray mudstone which has been 
extensively bioturbated. The sandstones are also locally 
bioturbated and contain many U-shaped burrows 
{Diplocraterion; Figure 5). Often the sandstones also 
Figure 4. Photograph of basal part of dipping lower Frontier unit 
near Greybull showing thin layers of sandstone 
interbedded with dark gray mudstone. The underlying 
unit is Mowry Shale (Km) 
Photograph of Diplocraterion ichnofossil assemblage 
in Peay sandstone (lower Frontier unit) near Greybull. 
Length of the hammer is 0.3 m 
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contain small intraformational mud chips (Figure 6). Wave-
rippled and irregular bedding surfaces commonly are draped 
with thin, dark gray claystones and siltstones (Figure 7). 
Along the west side of the basin some of the mudstone 
layers are silicified. From Bonanza Anticline to Alkali 
Anticline in the Bighorn Basin and from southeast of Cody to 
west of Meeteetse in the Bighorn Basin (Figure 2), the basal 
part of this unit is mainly a thick (15 to 25 m) sandstone 
with numerous shale partings. Cross-stratification in the 
sandstone generally is small-scale and mostly of the trough 
variety. In addition, many sandstones and siltstones display 
remarkably flat laminations at the bases. However, low-angle 
inclined stratification within sandstone and siltstone is 
also pronounced in several localities, and these often show 
truncation surfaces that cut across other laminae sets 
(Figure 8). 
The upper part of lower Frontier unit is a uniform and 
moderately sorted fine to medium-grained sandstone. This 
unit is 10 to 30 m thick. It contains abundant chert grains 
and scattered chert pebbles that are mostly black. 
Occasionally, this chert-pebble conglomerate contains wood 
fragments (Figure 9). 
Lenses of chert-pebble conglomerate are common, especially 
Figure 6. Intraformational mudchips within lower Frontier unit 
near Cody. Length of the hammer is 0.3 m 
• Vt-
ru 
ro 
Figure 7. Wave-rippled and irregular bedding surfaces within the 
lower Frontier unit near Buffalo Bill Reservoir, Cody. 
The coin is 30 mm in diameter 
Figure 8. Low-angled, inclined stratification in lower Frontier 
sandstones and siltstones. These often show 
truncation surfaces that cut across other laminae sets. 
Meeteetse, Bighorn Basin. Length of the hammer is 0.3 m 
Figure 9. Black chert-pebble conglomerate within the Peay 
sandstone (lower Frontier unit) exposed near Greybull. 
Note well-preserved wood fragment. The coin is 30 mm 
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along the east flank of the Bighorn Basin (Figure 10). 
Detrital grains of glauconite and calcareous concretions are 
common in the upper part of the sandstone. 
In most instances, the sandstone contains a diverse and 
rich assemblage of ichnofossil (Figures 5/ 11, and 12) 
including Dlplocreterion (U-shaped, dwelling burrows of a 
suspension feeder), Asterosoma (burrows with radiating 
feeding trails made by decapod crustaceans), and Teichicnus 
(long and horizontal burrows formed by deposit feeders). The 
observed ichnofossil assemblage is very well-developed in 
localities around Cody, Lovell, Greybull, and and Shell 
(Figure 2). These are virtually nonexistent around 
Thermopolis and Arminto. However, they seem to reappear 
again in the southwestern Powder River Basin, especially 
around the Kaycee and Mayoworth region (Figure 2). 
This sandstone, the most persistent in the formation, 
is informally referred to as the Peay sandstone in the Basin-
Greybull area (Keefer, 1972; Masters, 1952; Stensland, 1965). 
The top of the lower unit commonly is a sharp, undulating 
limonite-stained surface, locally marked by a concentration 
of chert pebbles, reptile bone fragments, and shark teeth. 
It is overlain by a bed of bentonite (northwest Cody 
section). South and east of of the Owl Creek Mountains this 
complex (Peay sandstone) splits into a number of individual 
Figure 10. Polished rock slab showing chert-pebble conglomerate 
(Peay sandstone) resting on profusely bioturbated 
sandstone near Shell 
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Figure 11. Elongate and radial burrows in the Peay sandstone 
exposed near Alkali. These are typical 
Asterosoma ichnofossil. The pen is 14 cm long 
Figure 12. Long and horizontal burrows in the Peay sandstone 
near Greybull. These are typical Teichichnus 
ichnofossil assemblage. The coin is 30 mm in 
diameter 
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units. The lower sandstone extends about halfway across the 
Wind River Basin and south of Arminto. In the Bighorn Basin 
the depositional edge of this sandstone is about halfway 
across Hot Springs County (Thermopolis) and in the southern 
third of Park County (southwestern Cody; Figure 2). 
In the Bighorn Basin the Peay sandstone (Table 1) in turn 
splits into a number of sandy units as it is traced southward 
and as the interval thickens. The maximum number of 
sandstones (four) occurs in eastern Hot Springs County and 
southwestern Washakie Counties (Tensleep; Figure 2). Here 
also the combined thickness of the sandstones reaches about 
100 m. At Nowood, in southeastern Washakie County, the basal 
sandstone of the Peay sandstone complex is only 1.5 m thick; 
and at Arminto (Figure 2), in northwestern Natrona County 
(southeastern Arminto), it is a discontinuous horizon of a 
silty sandstone lens only 0.3 m thick. 
Westward, correlation becomes somewhat problematical 
across the southern flank of the Owl Creek Mountains for 
about 90 km west of the Arminto section due to Tertiary 
overlap and the absence of subsurface information. The 
uppermost sandstone of the Peay complex extends south of 
the Bighorn and Owl Creek Mountains where it merges with 
its equivalent sandy unit from northwestern Wyoming to form 
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the sheet known in central Wyoming as the Third Wall Creek 
sandstone (Goodell, 1962/ Table 1). 
Vertical stacking of several concretionary horizons within 
the uppermost Peay sandstone occurs at localities near 
Greybull, Basin, Tensleep, and Thermopolis (Figure 13). The 
concretions range in size from 2 cm up to 4 m or more in 
diameter and provide excellent marker horizons in the field 
(Figure 13). Mineralogically these concretions are composed 
primarily of iron carbonate (siderite) with few detrital 
coarse silt-sized grains of chert and quartz. They do not 
show any internal concentric or radial structure. Acidic 
pore waters connected with the near surface-water dissolving 
shell fragments within the host rocks may have been responsible 
for their genesis (Mozley, 1989). A period of stability or 
short-term break in sedimentation may have contributed to 
their formation (McBride, 1989; Gautier, 1982) . 
Lower Frontier Unit: Powder River Basin 
The basal part of the lower Frontier unit in the southern 
part of the Powder River Basin (Figure 2) and in 
southeastern Wyoming is the Belle Fourche Shale (Table 2), 
which ranges in thickness from less than 150 m in 
southwestern Arminto to more than 250 m in southeastern 
Figure 13. Exceptionally large sideritic concretionary horizon in 
the uppermost Peay sandstone near Greybull. These are 
key stratigraphie markers in the field. The diameter 
of the individual concretion is about 4 meters 
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Arminto (Merewether et al., 1979). In the Powder River 
Basin, the Belle Fourche Member consists of interstratified 
shale, siltstone, sandstone, conglomerate, and bentonite. 
The shale is medium to dark gray to brownish gray and is 
commonly silty or sandy. The siltstone is generally medium 
gray to olive gray to brownish gray, and clayey or sandy in 
nature. 
Most of the sandstone in this unit is light gray to 
yellowish gray to brownish gray and very fine to medium 
grained. In outcrop, the sandstone may be friable, 
concretionary, or well-cemented. Granules and pebbles of 
chert, quartzite, andesite, and granite occur in the upper 
part of the sandstone units, and at several localities they 
form thin beds of conglomerate. Barlow and Haun (1966) 
reported that the pebbles are larger and more abundant in the 
upper part of the lower Frontier unit (Belle Fourche Member). 
Field measurements show that the pebbles are largest near 
Kaycee and decrease in size between Kaycee and Buffalo, and 
between Kaycee and Casper (Figure 2). Beds of very light 
gray to greenish gray bentonite are abundant in the Belle 
Fourche and are very rarely as much as 3 m thick. Like the 
bioturbated sandstone in the lower Frontier unit of Bighorn 
Basin, sandstones belonging to the Belle Fourche Member also 
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display the characteristic Dlplocraterlon assemblage; 
however, ichnofossils are not as abundant as in the Cody-
Greybull areas of the Bighorn Basin. 
Sandstone in the lower part of the Belle Fourche Member, 
occurs in southeastern Arminto and minor parts of the adjacent 
counties (Figure 2). It crops out on the southeast flank of 
the Bighorn Mountains and in the vicinity of southeastern 
Arminto. It is locally more than 35 m thick in northern 
Mayoworth and thins to a very thin sequence in southern 
Mayoworth region (Figure 2). 
Typically, the sandstone is fine grained and horizontally 
stratified at the base and coarser grained and cross-
stratified near the top. Its basal contact is gradational 
with underlying siltstone and shale, and its upper contact is 
sharp and is overlain by shale. At some outcrops near 
Kaycee, the middle of the lower Frontier unit consists of 
interbedded sandstone, siltstone, and shale. Tongues of the 
sandstone extend generally to the southeast from the areas of 
maximum thickness, and paleocurrent directions determined from 
cross-stratification are mainly south to southeast. The 
sandstone is early to middle Cenomanian in age (Merewether 
and Cobban, 1906). 
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Middle Frontier Unit: Bighorn Basin 
The interval between the middle (Second Wall Creek 
sandstone) and lower Frontier unit (Third Wall Creek 
sandstone) is one of the most distinctive lithosomes on both 
flanks of the Bighorn Mountains in the eastern Bighorn Basin 
and western Powder River Basin (Table 1). Frequently, the 
middle Frontier unit forms a striking badland topography in 
outcrop. The unit becomes sandier toward the top and 
maintains and increases in the volcanic character of its 
constituents across its northern extremes (Cody-Lovell 
areas), but its becomes less pyroclastic to the south and 
southwest (Thermopolis-Arminto region; Figure 2). The middle 
Frontier unit (equivalent to the Second Wall Creek sandstone 
in the Powder River Basin) in the Bighorn Basin, is the 
variable, poorly sorted, medium to finer-grained part of the 
Frontier Formation. Nevertheless, it contains scattered 
pebbles and lenses of conglomerate. 
Commonly the middle Frontier unit (Table 1) consists, from 
bottom to the top of, (a) a carbonaceous bentonitic mudstone 
sequence, (b) a lenticular, yellowish gray sandstone 
containing considerable carbonaceous material, (c) a locally 
silicified, carbonaceous, bentonitic mudstone and gray 
sandstone, (d) a sandstone with chert-pebble conglomerate 
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that contains andesite, granite, and quartzite pebbles 
(polymictic conglomerate) in many places. Although 
sandstones in this unit generally are finer-grained and less 
well-sorted than those in lower Frontier unit, there are some 
layers of well-sorted sandstone, and these are overlain 
abruptly by bentonite. 
This middle unit is also characterized by having low-angle 
trough cross-stratified (Figure 14) sandstone (interpreted as 
wash-out dunes), plant debris, and rip-up clasts. 
The upper conglomeratic sandstone (lithotype "d" in Table 
1) which is medium-grained, is equivalent to the Torchlight 
sandstone (Hintze, 1914) of the Basin-Greybull area in the 
Bighorn Basin (Figure 15). It correlates with the andesite-
pebble-bearing sandstone in the lower Frontier unit in 
Kaycee-Mayoworth region (Figure 2) in the southwestern Powder 
River Basin (Goodell, 1962). 
Along the western flank of the basin the medium-grained 
deposits of the middle Frontier unit include more abundant 
bentonite and porcellanite beds similar to those in the Mowry 
Shale. Such deposits are especially common in the 
northwestern part of the Bighorn Basin. In contrast to the 
Mowry Shale, however, these silicified bentonitic sequences 
in the middle Frontier unit contain thin carbonaceous brown 
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Figure 14. Low-angled, cross-stratlfled sandstone in 
Torchlight sandstone (Lithotype "d" of the 
middle Frontier unit) near Tensleep. The pen 
is 14 cm long 
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shale and several thin stringers of lignite (Figure 16). 
There are also many beds of lenticular sandstones in this 
unit on the west side of the Bighorn Basin. Those in the 
upper part thicken considerably southwest of Meeteetse 
(Figure 2). In the northwest, east-central and south-central 
parts of the Bighorn Basin, the middle unit is overlain by 
the marine Cody Shale, which consists principally of silty 
mudstone with a few thin layers of ripplemarked, calcareous, 
glauconitic, fine-grained sandstone. 
Middle Frontier Unit: Powder River Basin 
The middle Frontier unit in the Powder River Basin is 
composed essentially of a sandstone sequence and lies in the 
middle of the Belle Fourche Member, cropping out in 
southwestern Arminto, northern Mayoworth, and Kaycee areas 
along the southwestern flank of the Powder River Basin 
(Figure 2). The sandstone is more than 30 m thick in 
southern Arminto and southwestern Mayoworth but thins 
irregularly toward the northeast, southeast, and southwest. 
It is generally fine grained and horizontally bedded at the 
base and grades into the underlying siltstone and shale. 
Grain size increases upward in the unit (Figure 17). Near 
the top, the sandstone is cross-bedded and the underlying 
Torchlight sandstone showing its irregular contact 
relationship with overlying polymictic conglomerate. 
Alkali, Bighorn Basin. The pen is 14 cm long 
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Figure 16. Beds of lenticular sandstone with thin 
carbonaceous brown shale and lignite stringers 
within the middle Frontier unit (Lithotype"b") 
exposed near Cody. The length of the hammer is 
0 . 3 m  
Figure 17. The middle Frontier unit near Kaycee, Powder River 
Basin. The sandstone shows reverse grading and 
contains granule sized chert clast 
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shale contains Ophlomorpha (horizontal to cylindrical three-
dimensional dwelling burrows of crustaceans) and other 
related ichnofossils. 
Significance of the Polymictic Conglomerate 
Lithotype "d" (Table 1) or the Torchlight sandstone of 
the Basin-Greybull region consists of poorly sorted sandstone 
and conglomerate. Beds range from 4 to 15 m in thickness and 
generally have a lenticular geometry. Conglomerate exhibits 
some degrees of lateral variability with some conglomerate 
traceable over a few hundred meters along depositional 
strike. In addition, erosional basal contacts and channeling 
are common, as is intraformational debris. 
The conglomerate is disorganized (Walker, 1983) in which 
dominantly pebble, cobble, and occasionally boulder-size 
clasts are incorporated in a generally sand to granule grade 
matrix. Stratification, graded bedding, and preferred clast 
orientation are generally lacking. The clasts in the 
conglomerate are polymictic and composed of chert, andesite, 
quartzite, and granite. The largest andesite clasts 
attaining a diameter of 25 cm are concentrated in the 
Greybull-Basin area and decrease in size to 12 cm towards the 
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Kaycee-Mayoworth area (Figure 18). Of particular interest is 
the lensoid distribution of the andesite clasts which follow 
a general northwest-southeast trend for more than 250 km 
from Cody to the Kaycee-Mayoworth area (Figure 19). The 
noticeable absence of andesite clasts on either side of this 
trend suggests a strong dependence of the ultimate sediment-
dispersal system on several physical constraints, including 
the local morphotectonic setting, paleohydraulics, and 
provenance. A high-energy distributary complex of sizable 
areal extent is hypothesized for the deposition of this 
linear conglomeratic body. 
Paleocurrent indicators are not readily recognizable 
except for occasionally poorly developed low-angle cross-
stratification (Figure 29) showing southeast dipping 
foresets. The conglomerate body is lenticular and 
interbedded with sandstone. It passes laterally into granule 
conglomerate and massive sandstone to the northeast 
(Sheridan) and southwest (Thermopolis). This pattern is 
compatible with the deposit being part of a channel, possibly 
in an incised complex, with clast derivation from the 
northwest. This dispersal system extended east-southeastward 
from the orogenic fold-and-thurst belt into the adjoining 
foreland basin (Khandaker and Vondra, 1987) . 
Detailed field relationships have been worked out 
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pertaining to its texture, composition, and geometry as well 
as its dispersal pattern. Since the conglomerate unit is 
situated just below the transgressive Cody Shale, its 
geometry and position in time and space will indicate the 
initial phase of major eustatic change along with the 
occurrence of igneous activity in close proximity to the 
foreland basin. It differs from other equivalent 
conglomeratic bodies such as those of the Cardium Formation 
of Alberta, Canada, in that it contains volcanic clasts which 
record nearby contemporaneous igneous activity rather than 
consisting of recycled strandline lag concentrates composed 
mainly of siliciclastics (Abbott and Smith, 1909/ Flint and 
Walker, 1987; Bergman and Walker, 1907; Groove, 1909; and 
Walker 1983 & 1975) . 
The source of the andesite clasts was originally thought to 
be the so-called "Bighorn High" in the northern Bighorn 
Mountains (Van Houten, 1962). The limitations of provenance 
studies based on field observation alone are well illustrated 
by this study (Khandaker and Vondra, 1987, 1980, and 1909). 
We are currently pursuing studies of mineral and clast 
compositions from this polymictic conglomerate and the 
associated sandstone (lithotype "d"; Table 1). Our recent 
investigations have revealed a much different volcanic 
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history than that recognized by field studies alone (see 
Chapter II). We have indicated mixed sources for some 
clasts, and have demonstrated that the magmatic arc source 
included a lithologically varied suite of plutons comagmatic 
with the more voluminous volcanics. Andesite clast chemistry 
and petrology reveal a northwesterly source in the vicinity 
of the Independence Volcanic field and also refute a far 
distant Idaho contribution as proposed by Goodell (1962), 
The contention of a northwesterly source was made based on 
the absence of a record of intermediate-type volcanic 
activity in the Bighorn Mountain region during the Late 
Cretaceous as well as the dissimilar clast composition of the 
equivalent conglomerate unit in Idaho and Utah. See chapter 
II in this dissertation for detailed information. 
Pebble and cobble conglomerates also occur in the Frontier 
Formation in two widely separated localities; in the area 
extending from immediately east of Salt Lake City to 
Coalville, Utah, and in the area extending from the 
northwestern Bighorn Basin to the southwestern Powder River 
Basin, Wyoming. The minéralogie characteristics of these two 
conglomerates are markedly dissimilar. Conglomerates of the 
Frontier Formation east of Salt Lake City are primarily 
composed of clasts of the Weber (Pennsylvanian) Sandstone and 
of chert (Curry III, 1986; Love, 1977/ Schmitt, 1985). The 
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massive but lenticular (up to 50 m thick) conglomerate which 
rests on the Oyster Ridge Sandstone at Coalville is composed 
dominantly of pebbles and cobbles of sandstone, white or 
buff-colored chert, and limestone. The Bighorn and western 
Powder River Basin conglomerates are characterized by clasts 
of black chert, andesite porphyry, quartzite, and granite. 
Two separate and petrographically dissimilar sources are 
implied. 
Upper Frontier Unit: Bighorn Basin 
The upper Frontier unit is composed of thick beds of fine-
to medium-grained sandstone in a sequence of siltstone and 
mudstone (Table 1). The sandstone is generally coarser 
grained than that in the middle Frontier unit. Conglomerate 
is present only along the southern side of the Bighorn Basin, 
near Thermopolis and Big Trails (Figure 2). Ripple-bedding 
is common (Figure 20); large scale cross-stratification is 
rare. Near the east of the Bighorn Basin, interbedded 
mudstone is essentialy a shaly lower Cody facies. In the 
west (Cody and adjacent areas) it contains bentonite, 
lignite, carbonaceous shale, and sideritized mudstone similar 
to the fine-grained deposits of the middle Frontier unit. 
Figure 20. Remarkably flat lamination grading into ripple-lamination 
within the upper Frontier sandstone near Thermopolis. 
The length of the hammer is 0.3 m 
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Root traces and plant remains are abundant in this sequence. 
This unit commonly is poorly developed and is mainly 
present in the Sheridan, Thermopolis, and Big Trails 
coinciding with areas where chert and andesite pebbles are 
rare or absent in the middle Frontier unit (Figure 19). It 
is absent along the east-central and northwest side of the 
Bighorn Basin. 
Upper Frontier Unit: Powder River Basin 
The upper Frontier unit crops out between Buffalo and 
Arminto and can be traced southeast in the subsurface to 
outcrops west of Kaycee (Merewether and Cobban, 1986). The 
unit is more than 30 m thick near Kaycee and thins southward 
towards Arminto. 
The faunal assemblage in this sandstone seems to be older 
in the Kaycee-Mayoworth area than in the Casper region 
(Merewether et al., 1979). Generally, the grain size of the 
sandstone coarsens upward from fine grained at the base to 
coarse grained at the top. Between Arminto and Kaycee, the 
upper Frontier unit contains scattered granules and pebbles 
of chert and quartzite. At these localities, the unit is 
horizontally stratified at the base and cross-stratified near 
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the top. Small horizontal to inclined burrows are abundant 
in the lower half of the sandstone and small horizontal to 
vertical burrows comprising Ophlomorpha (dwelling burrows 
of crustaceans) are common in the upper half of the mudstone 
sequence. 
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ENVIRONMENT OF DEPOSITION 
Overall Depositional Environment 
Most of the sandstones belonging to the lower Frontier 
through upper Frontier units are generally broad and thin 
lobate bodies which trend south and southeast from the 
southeast flank of the Bighorn Mountains. The middle 
Frontier sandstone forms a linear body which extends from the 
area of Kaycee to the vicinity of Casper. Paleocurrent 
directions obtained from cross-stratification and ripple 
marks on the west side of the Powder River Basin and the east 
side of the Bighorn Basin (Figure 2) indicate a general 
paleoflow towards the south and southeast. The index fossils 
in the upper Frontier sandstones seem to be older in the 
Kaycee area than in the Casper area, which may be evidence of 
progradation in a southerly direction (Asquith, 1974; 
Kauffman, 1977/ Merewether et al., 1979/ Siemers, 1975/ 
Swift and Rice, 1984) . 
In the southwestern part of the Powder River Basin, the 
Frontier Formation was deposited in a shallow sea during a 
period of 6-7 my (Merewether and Claypool, 1980) . Most of 
the sediments were transported east-southeastward from 
highlands in western Montana, western Wyoming, and probably 
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from Idaho by a network of streams and associated deltas 
which intermittently prograded into eastern Wyoming. The 
sediments were carried into the sea by the high - energy 
distributary channels and wave-dominated deltas (Winn, et 
al., 1987/ Asquith, 1974). They were then redistributed 
along the shore by longshore currents and spread over the 
gently sloping shelf by offshore currents and waves. 
Rates of vertical sedimentation were much greater than 
rates of vertical aggradation (this is particularly true 
considering the asymmetry of the foreland basin and the fact 
that the deepest part of the basin was near the fold-and-
thrust belt). Where sand was deposited offshore the depth of 
water was probably less than 125 m (Winn, Jr., et al., 1984; 
Eicher, 1987) . Periodically, segments of the shoreline 
regressed in response to a decrease in the supply of 
sediments and subsidence. Lateral shifts in the location of 
the distributaries and compaction caused local subsidence-
induced marine transgression and reworking of deltaic 
sediments by marine processes (Winn, Jr., et al., 1987/ 
Asquith, 1974). 
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Depositional Setting for the Lower Frontier Unit 
The Peay and equivalent lower Frontier sandstones (Table 
1) are interpreted as having formed in a shelf setting (1) 
because of their position beneath definite shoreline 
sequences, (2) because they are overlain and underlain by 
marine shales, and (3) because of the very episodic nature of 
the marine processes inferred to be responsible for their 
formation. Internally, the Peay sandstones consist largely 
of burrowed beds of very fine and fine-grained sandstone, 
siltstone, and mudstone. Inchnofossils including Asterosoma 
(Figure 11) and Teichlchnus (Figure 12) are present at base, 
while Ophlomorpha replaces these toward the top of the 
sandstone. 
Coarser, upper parts of Peay sandstone containing chert-
pebble lenses are entirely bioturbated (Figure 10). In this 
way they differ from marine shoreline sandstones in which 
beds of the same grain size show hydrodynamic structures. 
Many sandstones and siltstones are characterized by 
horizontal lamination to low-angle, hummocky cross-
stratification (Figure 8). Sets of laminae within these beds 
commonly are bounded by low-angle truncation surfaces that 
cut across other laminae sets. 
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Basal contacts all appear erosional. These beds, which 
are not totally burrowed, likely formed under variable 
current velocities and directions during storms (Harms, 
1979). The tops of some beds are ripple laminated (Figure 
7), which is consistent with development during waning stages 
of storms (Dott and Bourgeois, 1982) . 
Plant debris, mudstone clasts, and glauconitic fecal 
pellets (Figure 6) are important detrital components of the 
sandstones. Finer-grained, more thinly bedded sections 
(partially burrowed), consist of laminated siltstones and 
shales. Rarely, a few thin beds and laminae are graded, and 
some siltstones show well-developed wave ripples. Much of 
this material was probably deposited also during and 
immediately following storms (Hancock and Kauffman, 1979). 
The lack of distinct cross-stratification in sandstones 
and the abundance of muds as well as the pervasive burrowing 
suggest that fairly constant, recurring, strong marine 
currents were probably not important in transporting clastic 
material in the Peay facies. The abundance of burrowing 
further suggests that at least moderately long periods 
separated depositional events. 
Sedimentary structures in the Peay sandstone are generally 
similar to modern nearshore sandstones and to other shoreline 
sandstones in the Cretaceous of the Rocky Mountains 
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(McCubbiri/ 1982) . Differences within the Peay sandstones 
are primarily due to differences in wave energy affecting 
respective beaches. Marine strandline sandstones of the Peay 
are largely fine or very fine-grained, but they can be as 
coarse as medium grained and generally coarsen upward. 
Depositional Setting for the Middle Frontier Unit 
The middle Frontier unit (Second Wall Creek sandstone) 
overlie or cut into marine shoreline sequences. Fluvial 
(Second Wall Creek sandstone) sequences are as coarse as fine 
pebble to cobble conglomerate, but typically they consist of 
fine to medium-grained sandstones (Figure 15). In general, 
sedimentary structures in the middle Frontier unit consist of 
some low-angle cross-stratification (interpreted as washed-
out dunes; Figure 14) and abundant trough cross sets. Plant 
debris and mudclasts are abundant (Figure 16) and shell 
fragments are entirely absent. These sandstones may 
represent the up- or down- current terminal ends of point 
bars or the fill of one or more small channels -many of the 
latter are probably avulsion bodies formed during flood 
stages. 
Sediment distribution during middle Frontier time 
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has been hypothesized to have been controlled by positioning 
of two deltas - one to the north in the LaBarge area and one 
in the Cumberland Gap area (De Chadenedes, 1975). Either the 
distributary channels from these two systems diverge and 
splay out by the time they reach the present-day arch, 
accounting for the distribution of fluvial units, or 
displacement on the thrust has obscured other river systems. 
Depositional Setting for the Upper Frontier Unit 
Thick beds of sandstones in a sequence of mudstone, 
siltstone, and carbonaceous shale and uncommon coal/lignite 
beds are believed to have been deposited in flood basin and 
marsh settings. Whereas burrowing by marine organisms is 
abundant lOphiomorpha) in the gray shales deposited in marine 
environments, burrowing traces are absent in the darker, more 
carbonaceous and, in places, sideritized mudstones 
surrounding fluvial sandstones. Flood-basin and marsh 
deposits have been thoroughly disturbed by plants, and root 
traces are abundant. 
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FRONTIER TRACE FOSSILS AND PALEOBATHYMETRY 
The Frontier sediments, especially the lower Frontier unit 
comprising the Peay sandstone (Table 1) contain a rich and 
diverse marine ichnofossil assemblage. This has significant 
implications pertaining to the interpretation of water 
chemistry, paleo-depth, and resultant facies analyses. 
Several studies have shown close relationships between the 
presence of ichnofossil assemblages and those physical 
parameters (Ekdale et al., 1984/ Frey, 1978/ Frey and 
Pemberton, 1984/ Jenkyns, 1980/ Miller et al., 1984). 
However, a critical analysis of the observed ichnofossil 
suite within the Frontier was lacking in previous studies. 
This section is aimed at synthesizing trace fossil 
information to provide logical reasoning and a coherent 
explanation for the presence or absence of trace fossils 
within Frontier sediments and variable physico-chemical 
control on sedimentation. 
Progressive depletion of oxygen with water depth in the 
marine water column resulted in a series of ichnofossil 
assemblages, with well-bioturbated sediments in nearshore, 
shallow environments (lithotype "b" within Peay/ Table 1), 
and unbioturbated, well-laminated sediments (lithotype "a" 
within Peay) in offshore, deeper, poorly oxygenated water. 
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The Peay sandstone unit in the Cody, Lovell, Greybull and 
Shell areas (Figure 2), in contrast to the mudstone and 
shale, is well-bioturbated. It is quite plausible to assume 
that oxygen contents were increased sufficiently during times 
of sandstone deposition to support abundant benthic 
populations (Skdale et al., 1984/ Lindholm, 1987). 
The sharp contrast in bioturbation between the shale and 
sandstone is not as pronounced in the southern margin of the 
Bighorn Basin (Thermopolis and Arminto). The sediments in 
the Cody and Lovell areas were deposited in a shallower, 
generally better-oxygenated setting than the sediments in the 
southern portion of the Bighorn Basin (Figure 22). 
This pattern, exhibiting a well-bioturbated unit in the 
Cody, Lovell, Greybull and Shell areas (northern Bighorn 
Basin) vs poorly to nonbioturbated unit around Thermopolis 
and Arminto area (southern Bighron Basin), can be interpreted 
as reflecting the response of organisms to diminishing oxygen 
contents on a seafloor presumably sloping to the southeast 
(Figure 21). 
Absolute depths of oxygen zones in oxygen-deficient basins 
are difficult to ascertain. Warmer global temperatures during 
the Cretaceous may have resulted in lower dissolved oxygen 
level in the world oceans (Jenkyns, 1980/ Haq et al.. 
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P . 1600) 
KILOMETERS 
Figure 21. Map showing distribution of the Cretaceous 
seaway within interior of continent. (After 
Weimer, 1986) 
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1987) . Reduced oxygen levels would likely cause oxygen zone 
boundaries in stratified basins to lie at shallower levels 
than exist today (Figure 22) . 
Depths can be approximated from the occurrence of hummocky 
cross-stratification. Hummocky cross-stratification may form 
across a wide depth range but has its greatest preservation 
potential in depths between storm wave-base and fairweather 
wave-base (Dott and Bourgeois, 1982). The existing depths 
during Peay sandstone deposition were likely in the range of 
10 to 30 meters; however, the paleodepths for lower Frontier 
deposition in Powder River Basin were around 125 meters 
(Eicher, 1987) . This is in general agreement with the 
suggested southeast paleoslope of the Cretaceous sea during 
lower Frontier deposition. Contrary to the well-bioturbated 
lower Frontier sequence around Cody, Lovell, Greybull, and 
Shell areas (Figure 2), the middle and upper Frontier units 
show development of a bioturbated {Ophiomorpha) sequence in 
the Kaycee and Mayoworth (southwestern part of the Powder 
River Basin) region. No significant ichnofossil assemblage 
was recognizable within the middle and upper Frontier units 
exposed around the northern Bighorn Basin (Figure 2). This 
has significant implications concerning the paleobathymetry, 
water chemistry and regional geometry of the Cretaceous sea 
during late Cenomanian to upper Turonian time (Vuke, 1984; 
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Figure 22. Relationships between levels of bioturbation, depth, and 
oxygenation in an oxygen-stratified basin. (After 
Rhoads and Morse, 1971) 
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Weimer, 1986) . Perhaps, incipient growth of structural 
lineaments (well-documented within middle Frontier sequence) 
or the presence of intraforeland high within the rapidly 
subsiding foreland basin were responsible for the development 
of the ichnofossil assemblage around southwestern part of the 
Powder River Basin. In other words, bioturbated sandstone 
and shale within the middle and upper Frontier in the 
southwestern Powder River Basin indicate the existence of an 
aerobic zone/ whereas the lack of bioturbation in the Cody, 
Lovell, Greybull, and Shell regions suggest the presence of 
an anaerobic zone. 
The asymmetric nature of the foreland basin coupled with 
increased sedimentation and subsidence rate along the 
southern and southwest margin of the Bighorn Basin ultimately 
favored developement of a deep-water anaerobic condition. 
However, at the same time, isolated, localized reduced 
conditions also existed around the Greybull and Shell areas, 
an interpretation supported by the presence of plant roots, 
lignite, and carbonaceous shale within the middle and upper 
Frontier units. This perhaps suggests deposition on 
paleohighs or isolated depressions cut off from the main 
depositional basin. 
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CONCLUSIONS 
The Upper Cretaceous Frontier Formation (early Cenomanian 
to upper Turonian) in north-central Wyoming forms a critical 
lithotectonic unit by recording several transitory phases in 
depositional environments, tectonism, and provenance. 
Frontier sediments represent a generally coarsening-upward 
sequence with periodic and short-lived fluctuations of 
sealevel as well as a geochemically partitioned depositional 
basin. 
Complex lithofacies associations along with their 
characteristic distribution and degree of preservation, seem 
to be influenced largely by both extrabasinal and 
intrabasinal morphology. The unique characteristic 
distribution of a chert-andesite-granite-quartzite pebble 
conglomerate (Torchlight sandstone) and ichnofossil 
assemblages (upper and lower Frontier units) in particular, 
strongly demonstrate the significant role of autocyclic 
control on the ultimate dispersal of sediment in a rapidly 
subsiding foreland basin. The overall sedimentary sequences 
along with their field and facies relationships document a 
progessive deposition in a southerly direction. 
Furthermore, study of the provenance of the coarse 
clastics in the Torchlight sandstone, points to a proximal 
6% 
source, rather than to a distant fold-thrust belt to the 
west. Several discrete phases of intermediate-type volcanism 
in close proximity to the foreland basin have been recorded 
from the multiple bentonite beds and volcaniclastic detritus 
within the Frontier sequences. Reactivation of the 
preexisting fracture zones in response to the onset of the 
Laramide Uplift provided dominant control on the dispersal of 
Frontier volcaniclastic debris (Torchlight sandstone), and 
hence it highlights the significance of the intraforeland 
structures to the resultant development of foreland basin 
sequences/ the latter aspect, to our knowledge, was not 
previously accounted for. 
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CHAPTER II. 
TECTONIC SIGNIFICANCE OF THE UPPER CRETACEOUS TORCHLIGHT 
SANDSTONE AND ITS EQUIVALENTS, NORTH-CENTRAL WYOMING 
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ABSTRACT 
The Upper Cretaceous Torchlight sandstone and its 
equivalents within the Frontier Formation contain many 
persistent bentonite beds and several lenticular sandstone 
packages that are capped by a thin, polymictic conglomerate. 
In the Bighorn Basin, this disorganized polymictic 
conglomerate with an unordered fabric marks the contact with 
the overlying Cody Shale. Subrounded to rounded clasts of 
andesite, chert, granite, and quartzite are set in a poorly 
sorted sand-to-granule volcaniclastic matrix. The Torchlight 
sequences point to a petrologically dissimilar northwesterly 
source comprised of Precambrian crystalline rocks. Paleozoic 
sediments from the Sevier fold-and-thrust belt, and 
Cretaceous arc volcanics with continental affinity. A high 
to moderate relief source terrain is indicated by the clast 
size and composition. Of particular interest is the peculiar 
distribution of the andesite clasts which follows a general 
northwest-southeast trend for more than 250 km from Cody to 
the Kaycee-Mayoworth area. Noticeable absence of andesite 
clasts on either side of this observed trend suggests a 
strong dependence of the sediment-dispersal system on several 
physical constraints, including the local morphotectonic 
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setting, paleohydraulics, and provenance. 
Geochemical investigations (whole rock analyses) of the 
andesite clasts and the associated sand matrix show a 
distinctive trace-element composition similar in a general 
way to those of "typical" orogenic volcanics. However, in 
detail they show some significant differences. 
Composition of volcaniclasts and paleocurrent data from the 
associated sandstone indicate a proximal sediment source for 
the extrabasinal detritus within the Frontier Formation. 
Recent documentation of an earlier episode of volcanic 
activity (between 92-88 my; Meen and Eggler, 1987) in 
southwest Montana supports the hypothesis of a proximal 
sediment source. Furthermore, presence of granitic clasts 
have obvious important tectonic implications inasmuch as they 
indicate that Beartooth crystalline rocks (Precambrian age) 
must have been exposed during the deposition of the Frontier 
sediments (ca. 90-85 Ma). That in turn indicates that 
significant erosion of the Paleozoics must have occurred 
before Frontier deposition in the Beartooth region. 
We suggest that northwest-striking lineaments were active 
during Frontier time and were later bevelled and deformed by 
the Beartooth thrust system during the major Laramide episode 
of uplift of the Beartooth Range. This second event produced 
the Torchlight conglomerate along the eastern flank of the 
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range. Hence, field and compositional aspects of the 
volcaniclastic rocks document sedimentary responses to the 
tectonic partitioning of the western interior foreland basin. 
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INTRODUCTION 
The lithology of the Frontier Formation (Upper Cretaceous) 
consists of a sequence of fine-grained, yellowish-gray, 
sandstones interbedded with medium to dark gray siltstone and 
mudstone, with several persistent beds of bentonite and an 
andesite-chert-granite-quartzite pebble conglomerate. The 
Frontier Formation (Table 2) lies above the Mowry or Aspen 
Shale and beneath the several thousand feet of Upper 
Cretaceous marine shale known variously as Milliard, Baxter, 
Cody, Carlile, or Niobrara (Goodell, 1962) . A thin pebble to 
cobble, mostly matrix-supported, conglomerate consisting of 
clasts of chert, andesite, quartzite, and granite marks the 
contact with the overlying Cody Shale (mostly in the 
northwest Bighorn Basin). 
The sedimentary unit of primary importance to this study 
is the Torchlight sandstone (lithotype "d" within the middle 
Frontier unit; Table 1). This unit (equivalent to the Second 
Wall Creek sandstone in the Powder River Basin) in the Bighorn 
Basin, is the middle, variable, generally poorly sorted part 
of the formation. Commonly, from bottom to top, the middle 
Frontier unit consists of (a) a carbonaceous bentonitic 
mudstone sequence, (b) lenticular, yellowish-gray sandstone 
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(1962), and Merewether et al. (1979) 
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containing considerable carbonaceous material, (c) 
bentonitic, locally silicified, carbonaceous mudstone and 
gray sandstone, and (d) sandstone with a chert-andesite 
pebble conglomerate (Table 1). 
Objective 
This section examines the provenance of various clasts 
occurring in the Torchlight and its equivalents (lithotype 
"d" associated with middle Frontier unit; see Table 1) in 
the Bighorn and Powder River Basins. The objective of 
this section is aimed at providing a better understanding of 
the tectonic evolution of the source terrain, auto- and-
allocyclic controls on sedimentation, and the style of 
foreland basin sediment-dispersal. 
The clasts encompass a wide range of lithologies, but a 
number of clast types are repeatedly encountered throughout 
the succession. Amongst the latter is a suite of well-
rounded, chattermarked, often sheared, black cherts and 
subrounded, light to dark, andesites. These two groups of 
clast account for an estimated 70 to 90% of the 
sedimentary/volcanic detritus present in the conglomerate. 
Less common, but tectonically significant, constituents 
include granite and quartzite. We evaluate a variety of 
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criteria, including clast fabric, shape, and composition, in 
order to differentiate among conglomerates across the 
Bighorn into the southwestern Powder River Basin (Figure 19). 
Sedimentologically, this polymictic conglomerate unit is 
significant for the several following reasons; 
1) detritus from the locus of intermediate volcanism 
entered the depositional basin via a linear, aerially 
restricted, axial stream system and produced the 
characteristic dispersal pattern in the foreland basin 
described above. 
2) the unique dispersal trend is recorded by outcrops 
spanning a distance of about 250 kilometers in a northwest-
southeast direction crossing the Bighorn Mountains (Figure 
19) . 
3) it provides an opportunity to document longitudinal 
compositional and textural variation in lithofacies. 
4) the relative role of allocyclic versus autocyclic 
control on sedimentation can be deciphered from the detailed 
facies relationships, sedimentological, and geochemical 
studies. 
5) the nature and localization of Late Cretaceous volcanism 
in the upland areas must be read from the stratigraphie 
record because uplift and erosion have removed most of the 
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volcanic piles. 
6) since the conglomerate unit is situated just below the 
transgressive Cody Shale (in the Bighorn Basin; Davis and 
Byers, 1989), its geometry and position in time and space 
will indicate the beginning episode of a major eustatic 
change along with any igneous activity in close proximity 
to the foreland basin. 
7) the source of andesite clasts was originally thought to 
be the "Bighorn High" in the northern Bighorn Mountains (Van 
Houten, 1962), but this must be reinterpreted considering the 
recent geochemical documentation of a northwesterly volcanic 
source in the vicinity of the Independence volcanic field 
(Meen and Eggler, 1987; Khandaker, 1989; Khandaker et al., 
1988) . 
8) the chemical nature of the volcanic activity may 
give significant clues as to the type of lithospheric 
involvement, an aspect which, to our knowledge, has yet 
to be addressed (Ziegler, 1987) . 
Analytical Techniques 
The application of analytical techniques routinely used by 
petrologists can greatly enhance provenance studies. Whereas 
interpretation of the detrital modes of sandstones often 
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indicates the general character and tectonic setting of their 
source rocks (Dickinson, 1985/ Bhatia, 1983), electron 
microprobe analysis of detrital grains and whole-rock major-
and trace-element investigations of lithic clasts allow more 
precise definition of character, tectonic setting, and 
evolutionary stages of sedimentary distributive provinces 
(Abbott and Smith, 1989; Cawood, 1983; Ingersoll et al., 
1987; Ingersoll, 1983). This is particularly true for 
volcaniclastic sequences, many of which contain pristine 
igneous minerals, the compositions of which tightly constrain 
the magmatic affinity and tectonic setting of their source 
(Dickinson, 1988; Johnsson and Stallard, 1989) . 
Many volcaniclastic sequences, including those recycled 
(especially foreland basin sequences), contain conglomerate 
lenses that provide samples of source lithologies (Abbott and 
Smith 1989; Cawood, 1983; DeCelles, 1986; DeCelles et al., 
1987) . Problems of alteration, both prior to final 
deposition and during diagenesis of the characteristically 
thick sedimentary accumulations, complicate interpretation of 
the chemical composition of the clasts (Basu, 1985; Dutta and 
Suttner, 1986) . However, by using those elements that are 
relatively immobile during alteration (the high field 
strength elements of Saunders et al., 1980), much information 
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can be gained (Pearce and Norry, 1979; Pearce and Cann, 
1973). This study, in addition to using routine petrography, 
takes into account several other useful techniques including 
field determination of clast fabric, mineralogical 
investigation of the individual clast, and trace-element 
analysis of the selected clasts from several localities 
within Bighorn and Powder River Basins. 
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CLAST FABRIC 
For studies of clast shape, collection of 100 clasts with 
axial measurements in terms of long, intermediate, and short 
axis were made at each site (Tables 3 and 4a/ Figures 23 and 
24). Field lithology and shape were recorded. The 
roundness and sphericity of clasts was measured using 
Krumbein's (1934) visual roundness chart and index of 
sphericity. The calculation of Krumbein sphericity required 
the measurement of long, intermediate, and short clast axes. 
These data also allowed the classification of each clast 
according to Wadell's (1935) shape index, in which clast are 
designated as spheres, discs, rods, or blades (Figures 23 and 
24). The use of these methods of clast shape analysis 
allowed comparison with corresponding clasts in the Powder 
River Basin. 
Drake (1970) and Sneed and Folk (1958) pointed out that 
lithology is an important consideration in studies of clast 
shape. In general, differences in shape between samples of 
similar lithology and texture will indicate differences in 
the mode of sediment transport and deposition, but a degree 
of error will be introduced if samples of clasts of varying 
lithology are compared. The magnitude of this problem may be 
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Table 3 Axial measurements of chert clasts occurring 
within the Torchlight sandstone sequence 
(lithotype "d" of the middle Frontier unit). 
Axial measurements are in inches (a axis » 
longest axis, b axis - intermediate axis, and 
c axis - shortest axis). 
Sample# a axis b axis c axis c/b b/a 
Gody, Sighorn Basin 
1 1.50 0.75 0.50 0.67 0.50 
2 1.00 1.00 0.25 0.25 1.00 
3 1.00 0.75 0.25 0.33 0.75 
4 0.75 0.50 0.25 0.50 0.67 
4 1.00 0.50 0.25 0.50 0.50 
5 1.25 1.00 0.50 0.50 0.80 
6 1.25 1.00 0.75 0.75 0.80 
7 2.00 1.50 1.00 0.67 0.75 
8 2.75 1.50 0.50 0.33 0.55 
9 0.50 0.50 0.25 0.50 1.00 
10 1.50 0.50 0.50 1.00 0.33 
11 1.50 0.75 0.50 0.67 0.50 
12 2.00 1.25 0.75 0.60 0.63 
13 1.25 0.75 0.50 0.67 0.60 
14 1.50 1.00 0.50 0.50 0.67 
15 1.75 1.25 0.50 0.40 0.71 
16 1.50 1.00 0.25 0.25 0.67 
17 1.25 0.75 0.50 0.67 0.60 
18 1.50 1.25 0.25 0.20 0.83 
19 1.00 1.00 0.25 0.25 1.00 
iULL. Bighorn Baaia 
1 1.25 1.00 0.50 0.50 0.80 
2 0.75 0.50 0.25 0.50 0.67 
3 2.00 1.50 0.25 0.17 0.75 
4 2.75 2.25 0.50 0.22 0.82 
5 2.00 1.50 0.50 0.33 0.75 
6 3.00 1.50 1.50 1.00 0.50 
7 1.75 1.25 0.50 0.40 0.71 
8 2.50 1.25 1.00 0.60 0.50 
9 1.25 1.00 0.50 0.50 0.80 
10 2.50 1.75 0.75 0.43 0.70 
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Table 3 (continued) 
Sar.ple# a axis b axis c axis c/b b/a 
greybullt Bighorn Basin 
11 3.00 1.50 0.75 0.50 0.50 
12 1.75 1.25 0.50 0.40 0.71 
13 3.00 2.00 1.50 3.75 0.67 
14 3.50 1.50 1.50 1.00 0.43 
15 2.25 1.50 1.00 0.67 0.67 
16 1.75 1.50 0.25 0.17 0.86 
17 2.00 1.25 0.75 0.60 0.63 
18 2.00 l.CO 0.75 0.75 0.50 
19 2.00 1.25 0.75 0.60 0.63 
20 1.50 1.50 0.50 0.33 1.00 
Loveii, Bighorn aaain 
1 2.00 1.50 0.50 0.33 0.75 
2 2.00 1.50 1.00 0.67 0.75 
3 2.00 1.25 0.50 0.40 0.63 
4 2.00 1.00 0.50 0.50 0.50 
5 2.50 1.25 1.00 0.80 0.50 
6 2.50 1.75 1.50 0.86 0.70 
7 2.25 1.00 0.75 0.75 0.44 
8 2.00 1.50 0.75 0.50 0.75 
9 1.50 1.00 0.50 0.50 0.67 
10 1.75 1.25 0.50 0.40 0.71 
11 2.50 1.50 0.75 0.50 0.60 
12 2.50 1.25 0.75 :.60 0.50 
13 2.00 1.00 0.75 0.75 0.50 
14 2.00 1.25 1.00 0.80 0.63 
15 2.00 1.25 0.75 0.60 0.63 
16 2.75 1.50 1.50 1.00 0.55 
17 2.75 1.50 0.75 0.50 0.55 
18 2.00 2.00 0.75 0.38 1.00 
19 1.50 1.25 0.75 0.60 0.83 
20 1.50 1.00 0.25 0.25 0.67 
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Table 3 (continued) 
Sample# a axis b axis c axis c/b b/a 
Shell, Slghorn Basin 
1 3 . 0 0  1 . 7 5  0 . 5 0  0 . 2 9  0 . 5 8  
2 1 . 2 5  1 . 0 0  0 . 2 5  0 . 2 5  0 . 8 0  
3  1 . 7 5  1 . 5 0  0 . 2 5  0 . 1 7  0 . 8 6  
4  2 . 0 0  1 . 5 0  0 . 5 0  0 . 3 3  0 . 7 5  5  1 . 7 5  1 . 5 0  0 . 2 5  0 . 1 7  0 . 8 6  
6  1 . 0 0  0 . 7 5  0 . 2 5  0 . 3 3  0 . 7 5  7  2 . 2 5  2 . 0 0  0 . 5 0  0 . 2 5  0 . 8 9  8  1 . 7 5  1 . 2 5  0 . 2 5  0 . 2 0  0 . 7 1  9  2 . 0 0  1 . 5 0  0 . 2 5  0 . 1 7  0 . 7 5  1 0  1 . 2 5  1 . 0 0  0 . 2 5  0 . 2 5  0 . 8 0  1 1  1 . 7 5  1 . 0 0  0 . 5 0  0 . 5 0  0 . 5 7  
1 2  2 . 0 0  1 . 5 0  0 . 5 0  0 . 3 3  0 . 7 5  1 3  2 . 0 0  1 . 5 0  0 . 5 0  0 . 3 3  0 . 7 5  
1 4  2 . 2 5  1 . 7 5  1 . 2 5  0 . 7 1  0 . 7 8  1 5  2 . 2 5  1 . 7 5  0 . 5 0  0 . 2 9  0 . 7 8  
1 6  1 . 5 0  1 . 0 0  0 . 2 5  0 . 2 5  0 .  6 7  
1 7  1 . 2 5  0 . 7 5  0 . 2 5  0 . 3 3  0 . 6 0  
1 8  1 . 0 0  0 . 7 5  0 . 2 5  0 . 3 3  0 . 7 5  
1 9  2 . 0 0  1 . 7 5  1 . 0 0  0 . 5 7  0 . 8 8  
2 0  2 . 2 5  1 . 5 0  0 . 5 0  0 . 3 3  0 . 6 7  
Powder River Basin 
1  1 . 7 5  1 . 5 0  0 . 2 5  0 . 1 7  0 . 8 6  
2  1 . 7 5  1 . 2 5  0 . 2 5  0 . 2 0  0 . 7 1  
3  0 . 5 0  0 . 2 5  0 . 2 5  1 . 0 0  0 . 5 0  
4  1 . 7 5  1 . 2 5  0 . 2 5  0 . 2 0  0 . 7 1  
5  1 . 0 0  0 . 7 5  0 . 2 5  0 . 3 3  0 . 7 5  
6  2 . 0 0  1 . 5 0  0 . 5 0  0 . 3 3  0 . 7 5  
7  1 . 7 5  1 . 2 5  0 . 5 0  0 . 4 0  0 . 7 1  
8  1 . 2 5  1 . 0 0  0 . 2 5  0 . 2 5  0 . 8 0  
9  2 . 0 0  1 . 5 0  0 . 5 0  0 . 3 3  0 . 7 5  
1 0  1 . 7 5  1 . 0 0  0 . 5 0  0 . 5 0  0 . 5 7  
87 
Table 3 (continued) 
Sample# a axis b axis c axis c/b b/a 
Kaycee, Powder River sasin 
11 1.50 1.25 0.50 0.40 0.83 
12 2.00 1.50 0.25 0.17 0.75 
13 1.75 1.25 0.75 0.60 0.71 
14 2.50 2.00 0.50 0.25 0.80 
15 2.75 1.75 0.50 0.29 0.64 
16 2.75 1.50 0.50 0.33 0.55 
17 1.75 1.25 0.50 0.40 0.71 
18 2.00 1.75 0.75 0.43 0.88 
19 1.50 1.25 0.25 0.20 0.83 
20 1.50 1.25 0.25 0.20 0.83 
21 1.75 1.00 0.25 0.25 0.57 
22 1.00 0.75 0.25 0.33 0.75 
23 2.00 1.50 0.50 0.66 0.75 
2 4  1.75 1.00 0.50 0.50 0.57 
25 2.25 0.50 0.25 0.50 0.22 
26 3.25 1.75 1.00 0. 57 0.54 
27 1.00 1.00 0.25 0.25 0.25 
28 1.75 1.50 0.50 0.33 0.85 
29 2.00 1.50 0.50 0.33 0.75 
30 1.00 0.75 0.25 0.33 0.75 
31 1.75 1.25 0.50 0.40 0.71 
32 2.00 1.50 0.50 0.33 0.75 
33 1.50 1.25 0.50 0.40 0.83 
34 3.00 1.75 0.50 0.28 0.58 
35 2.00 1.75 0.50 0.28 0.87 
36 1.50 1.00 0.50 0.50 0.66 
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Table 4a. Axial .T.easurer.er.ta of andesire clasts occurring 
within the Torchlight sandstone sequence 
(lithotype "d" of the middle Frontier unit). 
Axial measurements are in inches (a axis » 
longest axis, b axis - intermediate axis, and 
c axis - shortest axis) 
Sample# a axis b axis c axis c/b b/a 
"Srevbullt 3iohom Ba&ia 
1 5.00 2.50 2.20 0.88 0.50 
2 4.80 3.30 3.00 0.91 0.69 
3 3.00 2.00 1.50 0.75 0.67 
4 3.00 2.00 1. 60 0.80 0.67 
5 2.60 1.70 1.00 0.59 0.65 
6 3.00 2.60 2.00 0.77 0.87 
7 3.00 2.60 2.00 0.77 0.87 
8 2.00 1.50 1.00 0.67 0.75 
9 2.60 2.20 0.80 0.36 0.85 
10 4.C: 3.00 0.90 0.30 0.75 
2 2 2.80 2.00 0.90 0.45 0.71 
12 2.90 2.20 1.00 0.45 0.76 
13 4.00 2.50 1.00 0.40 0.63 
- *t 3.00 2.00 1.80 0.90 0.67 
15 2.60 2.00 1.00 0.50 0.77 
16 2.00 1.50 1.00 0.67 0.75 
17 2.90 2.00 0.80 0.40 0.69 
18 3.30 2.60 1.00 0.38 0.79 
19 2.00 1.50 1.00 0.67 0.75 
20 4.50 3.00 1.60 0.53 0.67 
21 6.00 3.00 1.50 0.50 0.50 
22 4.00 3.00 2.50 0.83 0.75 
23 4.00 2.25 2.00 0.89 0.56 
24 5.00 2.25 2.00 0.89 0.45 
25 5.00 2.50 2.00 0.80 0.50 
26 7.00 4.00 3.00 0.75 0.57 
27 6.00 4.00 2.50 0.63 0,67 
28 7.00 6.00 4.00 0.67 0.86 
29 5.00 3.00 2.00 0.67 0.60 
30 4.00 3.50 2.00 0.57 0.88 
Table 4a. (continued) 
Sarr.ple* a axis b axis c axis c/b b/a 
Greybull. 3iahorr. Sasin 
31 4.00 3.00 2.50 0.03 0.75 
32 4.CO 3. CO 2.00 0.67 0.75 
33 9.00 5.00 4.00 0.00 0.56 
34 6.50 4.50 3.00 0.67 0. 69 
35 5.75 4.25 3.75 0.00 0.74 
36 6.00 3.25 2.75 0.05 0.54 
37 7.50 4.50 3.50 0.70 0.60 
30 7.00 4.25 3.00 0.71 0. 61 
39 6.75 4.00 2.75 0.69 0.59 
40 6.00 3.25 2.00 0.62 0.54 
Lovellt Bighorn Saaiii 
1 2.60 2.20 1.40 0.64 0.05 
2 3.00 2.25 2.00 0.09 0.75 
3 3.50 1.75 1.50 0.06 0.50 
4 4.00 2.00 2.00 1.00 0.50 
5 3.60 2.50 2.00 0.00 0.69 
6 4.50 3.50 2.50 0.71 0.70 
7 3.50 3.00 2.60 0.07 0.06 
0 4.00 2.50 1.50 0.60 0.63 
9 3.00 2.50 2.00 0.00 0.03 
10 3.00 2.00 1.00 0.50 0.67 
11 7.00 5.00 4.50 0.90 0.71 
12 6.50 4.50 4.00 0.09 0.69 
13 5.00 2.50 2.00 0.00 0.50 
14 3.00 2.50 1.50 0.60 0.03 
15 2.25 2.00 1.25 0.63 0.09 
16 3.00 2.50 2.00 0.00 0.03 
17 3.50 2.90 1.65 0.57 0.03 
10 0.00 5.00 2.50 0.50 0.63 
19 3.50 3.00 1.50 0.50 0.06 
20 4.00 3.00 1.50 0.50 0.75 
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Table 4a. (continued) 
Sa.T.ple# a axis b axis c axis c/b b/a 
Ar.,icllr.et 3iahorn Basin 
1 5.CO 3.00 2.50 0.83 0.60 
2 4.75 3.25 2.80 0.86 0. 68 
3 6.00 4.50 2.50 0.56 0.75 
4 5.00 3.00 2.00 0.67 0.60 
5 7.00 4.00 3.50 0.88 0.57 
6 5.00 4.00 3.00 0.75 0.80 
7 3.25 2.50 2.50 1.00 0.77 
8 4.50 4.00 2.00 0.50 0.89 
9 5.00 3.50 2.50 0.71 0.70 
10 3.50 2.00 1.00 0.50 0.57 
11 4.00 2.50 2.00 0.80 0.63 
12 4.00 2.50 2.00 0.80 0.63 
13 5.00 4.50 1.65 0.37 0.90 
14 6.50 3.50 2.50 0.71 0.54 
15 3.50 3.00 2.00 0.67 0.86 
16 6.50 2.75 2.50 0.91 0.42 
17 7.00 4.00 2.50 0.63 0.57 
18 4.50 3.00 2.50 0.83 0.67 
19 4.00 3.00 2.50 0.83 0.75 
20 5.00 3.00 2.50 0.83 0.60 
21 4.50 3.00 2.00 0.67 0.67 
22 6.00 4.00 2.00 0.50 0.67 
23 4.50 3.00 2.00 0.67 0.67 
24 5.00 3.00 2.00 0.67 0.60 
25 3.00 2.50 2.00 0.80 0.83 
26 6.00 3.00 2.00 0.67 0.50 
27 4.00 3.50 1.50 0.43 0.88 
28 5.00 3.50 2.50 0.71 0.70 
29 4.00 2.75 1.50 0.55 0.69 
30 4.00 3.00 2.00 0.67 0.75 
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Table 4a. (continued) 
Sample* a axis b axis c axis c/b b/a 
Siqhora sasin 
21 5.00 3.25 2.00 0.62 0.65 
22 4.00 2.50 2.00 0.80 0.63 
23 5.00 3.00 2.25 0.75 0.60 
24 2.25 1.50 1.00 0.67 0.67 
25 2.00 2.00 1.00 0.50 0.67 
26 2.50 1.65 1.00 0.61 0.66 
27 2.25 2.50 0.50 0.20 1.11 
28 2.50 2.00 1.00 0.50 0.80 
29 3.00 1.75 1.00 0.57 0.58 
30 2.00 1.50 1.00 0.67 0.75 
31 2.00 1.50 0.80 0.53 0.75 
32 4.00 2.75 1.00 0.36 0.69 
33 5.00 3.00 :.oo 0.67 0.60 
34 2.00 1.50 - .50 0.33 0.75 
35 7.50 4.50 3.00 0.67 0.60 
36 3.50 2.50 1.25 0.50 0.71 
37 4.00 3.00 1.50 0.50 0.75 
30 3.50 2.00 1.50 0.75 0.57 
39 5.00 3.50 2.50 0.71 0.70 
40 2.50 1.50 1.00 0.67 0.60 
41 2.00 1.25 1.00 0.80 0.63 
42 2.00 1.25 1.00 0.80 0.63 
43 4.00 2.50 1.50 0.60 0.63 
44 2.00 1.50 1.00 0.67 0.75 
45 4.00 2.50 1.50 0.60 0.63 
46 3.00 2.50 1.50 0.60 0.83 
47 6.00 3.50 2.00 0.57 0.56 
48 4.00 2.50 1.50 0.60 0.63 
49 6.00 3.50 3.00 0.86 0.58 
50 3.50 2.25 1.50 0.67 0.64 
Table 4a. (continued) 
Sa.T.ple* a axis b axis c axis c/b b/a 
Shellf  Biahorr.  3asir.  
51 2.50 1.50 1.25 0.83 0. 60 
52 2.50 2.25 1.50 0.67 0.90 
53 4.00 2.00 1.50 0.75 0.50 
54 3.50 1.50 1.00 0.67 0.43 
55 4.00 2.25 1.50 0.67 0.56 
56 3.00 1.50 1.00 0.67 0.50 
57 3.00 2.00 1.50 0.75 0.67 
50 3.00 2.00 1.50 0.75 0.67 
59 3.00 1.75 1.00 0.57 0.58 
60 3.50 1.50 1.00 0.67 0.43 
Torehlioht Bighom fiAAlA 
1 2.50 2.00 1.00 0.50 0.80 
2 3.00 1.80 1.00 0.56 0.60 
3 2.50 1.80 1.20 0.67 0.72 
4 3.50 2.60 1.90 0.73 0.74 
5 2.50 1.80 1.20 0.67 0.72 
6 2.60 1.80 1.00 0.56 0.69 
7 4.00 2.50 1.50 0.60 0.63 
8 2.30 1.90 1.00 0.53 0.83 
9 4.00 2.20 1.60 0.73 0.55 
10 2.00 1.50 1.00 0.67 0.75 
11 3.50 2.50 2.00 0.80 0.71 
12 7.00 4.00 2.50 0.63 0.57 
13 3.00 1.90 1.20 0.63 0.63 
14 2.00 1.60 1.20 0.75 0.80 
15 4.50 2.20 1.60 0.73 0.49 
16 3.00 2.00 1.00 0.50 0.67 
17 3.50 2.40 1.50 0.63 0.69 
18 3.50 1.50 1.00 0.67 0.43 
19 4.00 2.50 1.80 0.72 0.63 
20 5.00 3.00 1.80 0.60 0.60 
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Table 4a. (continued) 
Sa.T.ple# a axis b axis c axis c/b b/a 
Baslr.i Siçhorn Basin 
1 1.50 1.00 0.50 0.50 0.67 
2 3.00 2.00 0.50 0.25 0.67 
3 4.00 3.00 1.75 0.50 0.75 
4 2.50 2.50 1.00 0.40 1.00 
5 2.00 1.50 1.50 1.00 0.75 
6 2.50 1.75 1.00 0.57 0.70 
7 3.00 2.25 1.50 0.67 0.75 
6 7.00 3.00 2.75 0.92 0.43 
9 3.00 2.25 2.00 0.09 0.75 
10 4.00 3.00 2.00 0.67 0.75 
21 5.00 3.00 2.00 0.67 0.60 
12 5.00 3.50 2.50 0.71 0.70 
13 5.00 2.00 1.50 0.75 0.40 
14 3.00 2.00 1.50 0.75 0.67 
15 5.00 2.50 2.00 0.00 0.50 
16 2.50 2.00 1.50 0.75 0.00 
17 3.50 2.50 1.50 0.60 0.71 
10 4.00 2.50 2.00 0.00 0.63 
19 3.00 1.50 1.00 0.67 0.50 
20 2.00 1.50 1.00 0.67 0.75 
21 3.00 2.00 1.00 0.50 0.67 
22 5.00 3.50 2.50 0.71 0.70 
23 3.00 2.00 1.50 0.75 0.67 
24 4.00 2.50 1.50 0.60 0.63 
25 4.00 2.50 1.50 0.60 0.63 
26 5.50 3.00 2.50 0.03 0.55 
27 4.00 2.00 1.50 0.75 0.50 
28 3.00 2.50 1.00 0.40 0.03 
29 5.00 2.50 1.75 0.70 0.50 
30 2.00 1.50 1.00 0.67 0.75 
Table 4a. (continued) 
Sarr.ple# a axis b axis c axis c/b b/a 
31 4.00 2.50 2.00 0.80 0. 63 
32 2.50 2.00 1.00 0.50 0.80 
33 2.50 2.00 1.00 0.50 0.80 
34 3.00 2.00 1.25 0.63 0.67 
35 6.00 4.00 2.00 0.50 0.67 
36 5.00 2.50 2.00 0.80 0.50 
37 4.00 2.00 1.50 0.75 0.50 
38 5.00 3.00 2.00 0.67 0.60 
39 2.00 1.50 1.00 0.67 0.75 
40 3.00 2.00 1.50 0.75 0.67 
se,. Powder River Basin 
1 3.00 2.00 1.00 0.50 0. 67 
2 2.75 1.50 1.00 0.67 0.55 
3 2.00 1.50 0.50 0.33 0.75 
4 3.00 2.00 1.00 0.50 0.67 
5 3.00 2.25 1.00 0.44 0.75 
6 3.50 2.50 1.00 0.40 0.71 
7 3.00 2.00 1.20 0.60 0.67 
8 2.50 1.20 0.80 0.67 0.48 
9 2.50 2.00 1.00 0.50 0.80 
10 2.50 2.00 1.20 0.60 0.80 
11 1.50 0.80 0.30 0.38 0.53 
12 2.50 1.50 1.00 0.67 0.60 
13 2.00 1.75 1.00 0.57 0.88 
14 2.00 1.25 0.50 0.40 0.63 
15 2.00 1.65 0.50 0.30 0.82 
16 3.50 2.00 1.50 0.75 0.57 
17 3.00 2.00 1.50 0.75 0.67 
18 2.50 2.50 1.50 0.60 1.00 
19 4.00 2.50 1.25 0.50 0.63 
20 3.00 2.00 1.50 0.75 0.67 
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Table 4a. (continued) 
Sa-?le# a axis b axis c axis c/b b/a 
KayceSi Powder River Basin 
21 3 . 0 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 5 0  
22 4 . 0 0  3 . 0 0  1 . 0 0  0 . 3 3  0 . 7 5  
23 5 . 0 0  3 . 0 0  2 . 0 0  0 . 6 7  0 . 6 0  
24 2 . 5 0  2 . 0 0  1 . 5 0  0 . 7 5  0 . 8 0  
2 5  3 . 5 0  2 . 5 0  0 . 6 0  0 . 2 4  0 . 7 1  
2 6  3 . 0 0  2 . 0 0  1 . 0 0  0 . 5 0  0 . 6 7  
2 7  2 . 0 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 7 5  
2 8  2 . 5 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 6 0  
2 9  4 . 0 0  2 . 0 0  0 . 5 0  0 , 2 5  0 . 5 0  
3 0  3 . 0 0  2 . 5 0  1 . 0 0  0 . 4 0  0 . 8 3  
3 1  4 . 0 0  2 . 0 0  1 . 0 0  0 . 5 0  0 . 5 0  
3 2  3 . 0 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 5 0  
3 3  4 . 0 0  2 . 0 0  1 . 0 0  0 . 5 0  0 . 5 0  
3 4  4 .  0 0  2 . 0 0  1 . 0 0  0 . 5 0  0 . 5 0  
3 5  3 . 0 0  2 . 0 0  1 . 0 0  0 . 5 0  0 . 6 7  
3 6  4 . 0 0  2 . 0 0  1 . 5 0  0 . - 3  0 . 5 0  
3 7  3 . 0 0  2 . 0 0  1 . 2 5  0 .  6 3  0 . 6 7  
3 8  2 . 0 0  1 . 5 0  0 . 5 0  0 . 3 3  0 . 7 5  
3 9  3 . 0 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 5 0  
4 0  2 . 5 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 6 0  
4 1  4 . 0 0  3 . 0 0  1 . 4 0  0 . 4 7  0 . 7 5  
4 2  2 . 5 0  1 . 5 0  1 . 0 0  0 . 6 7  0 . 6 0  
4 3  2 . 7 5  2 . 0 0  1 . 0 0  0 . 5 0  0 . 7 3  
4 4  3 . 5 0  2 . 0 0  1 . 5 0  0 . 7 5  0 . 5 7  
4 5  2 . 5 0  2 . 0 0  1 . 5 0  0 . 7 5  0 . 8 0  
4 6  3 . 0 0  2 . 5 0  2 . 0 0  0 . 8 0  0 . 8 3  
4 7  3 . 5 0  3 . 0 0  1 . 5 0  0 . 5 0  0 . 8 6  
4 8  2 . 0 0  1 . 2 5  0 . 5 0  0 . 4 0  0 . 6 3  
4 9  2 . 5 0  2 . 0 0  1 . 0 0  0 . 5 0  0 . 8 0  
5 0  2 . 5 0  2 . 0 0  1 . 0 0  0 . 5 0  0 .  3 0  
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estimated by studying variations in the shape of clasts of 
different lithologies within a single sample. 
Over 60 percent of the clasts were chert in all samples 
studied. Andesite clasts constitute the second most abundant 
clasts ranging from 25-35 percent. Quartzite and granite 
clasts constitute the rest of this polymictic unit. Chert 
clasts appear to be slightly more rounded than other clasts. 
wadell's (1935) shape data for andesite clasts indicate 2% 
spheres, 20% disc, 53% blade, and 25% rods. In contrast, 
analysis of chert clasts from the polymictic unit yielded 40% 
blades, 58% disc, and 2% rods. 
A general trend in Wadell's shape values is noticeable 
from the Alkali Anticline to the Shell area (Figure 23). The 
northwest Alkali outcrop records a greater number of 
spherical to blade forms as opposed to greater abundance of 
blade to disc forms in the Shell region. Chert clasts 
(Figure 24) fall mostly into the disc to blade types, whereas 
andesite includes a broad spectrum of shape classes involving 
blade, disc, and roller types. Local variation in the 
abundance of a certain shape is due to the inherited 
lithological characteristics, depositional setting, and 
transport distance. 
A plot of clast-size versus distance (Figure IB) of the 
andesite clasts does not show an exponential decrease in size 
99 
with distance (transect from Cody to Kaycee). However, a 
very crude correlation between size and distance further 
testifies to the fact that volcanic detritus was deposited in 
a rapidly subsiding foreland basin, after a few kilometers of 
high-gradient stream transport and probably less than a few 
hundred kilometers of low-gradient fluvial transport. In 
addition, local fluctuations in hydrodynamic conditions along 
with inherited lithological conditions definitely controlled 
the variable shape distribution of chert and andesite. 
00 
ROLLER 
• • 
A  
• 
BLADE 
50 
#  • • • < > •  I  
• • A Cf* ES 
• • • • 
O 4*8 * d» I 
•  • A n  
* 
00 
_ L  
SPHERE 
o 
DISC 
B A  
• 
A* 
0. 00 
A 
o 
o 
• 
* 
A  
#  
• 
0. 50 
b/a 
1.00 
GREYBULL 
LOVELL 
ALKALI ANT. 
SHELL 
BASIN 
TORCHLIGHT 
KAYCEE 
MAYOWORTH 
23. Binary axial-ratio plot (c/b vs b/a; where a:longest axis, 
b: intermediate axis, and c: shortest axis) of Torchlight 
andesite clasts measured from various localities within 
Bighorn and Powder River Basins (see Figure 2 for locality 
identification) 
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Figure 24. Binary axial-ratio plot (c/b vs b/a) of Torchlight chert 
clasts measured from several localities within both 
Bighorn and Powder River Basins (see Figure 2 for 
locality identification) 
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CLASTS DATA AND CONSTRAINTS ON PROVENANCE AND TECTONICS 
Chert Clasts 
Occurrences of chert-bearing faciès are common within the 
various Paleozoic formations in Wyoming and Montana. We 
address below the provenance of the chert clasts occurring in 
Torchlight sequence, assessing their significance in the 
light of tectonic and sedimentological aspects. 
Chert is the conspicuous and volumetrically dominant 
lithology within the Torchlight conglomerate. Most of the 
chert clasts in the Torchlight sandstone unit (polymictic 
conglomerate) are externally black, but internally they range 
from white to cream, brown, or black. Hunter (1952) found 
fusulines (foraminifera) and Syringopora aculenta (corals) of 
Mississippian age in a few light colored chert pebbles. He 
also stated that many of the light-colored chert pebbles 
contain "Pennsylvanian corals, fusulines, crinoids, 
bryozoans, radiolaria, and sponge spicules." 
In our present study, some of these fossil groups were also 
observed in several of the chert clasts (Figure 25). Another 
notable aspect pertaining to chert clasts is the frequent 
presence of sheared veins and fractures filled with 
o 
UJ 
Figure 25. Polished chert slab (Torchlight) showing Paleozoic 
fossils. Alkali Anticline, Bighorn Basin 
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carbonates. Perhaps these features partly controlled the 
ultimate shape characteristics of the chert clasts in the 
polymictic conglomerate sequence. 
Comparison of the geochemical characteristics of Torchlight 
chert clasts with corresponding Paleozoic strata 
(Mississippian through Permian) provides an insight into the 
nature of the development of chert clasts in the Torchlight 
sequence (Table 4b). Geochemically, there is no major 
difference between the analyzed chert clasts from the Bighorn 
and the Powder River Basins (Figure 26). However, 
differences in geochemical aspects can easily be seen between 
known Paleozoic cherts, namely Mississippian and 
Pennsylvanian. The Torchlight chert clasts appear to have 
gross geochemical similarities with chert from the Tensleep 
(Pennsylvanian) and Phosphoria (Permian) formations (Figure 
26 and Table 4b). This rules out the possibility of an older 
or pre-Pennsylvanian contribution and implies that a 
significant amount of Pennsylvanian rocks in the fold-and-
thrust belt were eroded during Frontier time (ca. 90-85 Ma) 
and provided detritus for the Torchlight sequence. In 
addition, isolated Pennsylvanian outcrops expressed as 
intraforeland uplifts or local positive areas within the 
foreland basin setting might have provided a local source for 
chert clasts within the Torchlight conglomerate. 
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re 26. Trace element plot (in ppm) involving Torchlight 
(Upper Cretaceous) and Paleozoic (Pennsylvanian 
and Permian) cherts. The latter is suggested as 
a possible source for Torchlight chert. The graph 
shows the average concentrations of individual 
element measured from several chert clasts 
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Table 4b. Trace eler.er.- concentrations (in ppr.) for 
representative chert clasts sazpled from the 
Torchlight sandstone (middle Frontier unit) and 
Paleozoic formations, Bighorn and Powder River 
Basins. Trace elements were determined by XRF 
•iiclel 9b 9a 5r Zr Zn La Ce Y Cu Si Sb Dr 
(S labaia 3a9> n) 
C13: 
Ch" 
2.90 
2/w 
59.21 
62.68 
11.46 
12.40 
24.51 
23.54 
13.34 
11.59 
5.7B 
9.14 
7.86 
12.35 
2,57 
2.57 
6.32 
2,90 
9.60 
10.07 
2.63 
2,01 
25.70 
25.70 
Ch34 
Ch35 
7.46 
3.47 
127.48 
133.80 
15.67 
11.93 
23.86 
21.91 
28.21 
27.05 
3.25 
9.14 
9.36 
12.72 
0,21 
0 
B.03 
6.74 
12.91 
13.85 
2.32 
2,01 
30.12 
27.91 
Ch36 
Ch37 
5.18 
4.04 
83.23 
86.39 
14.73 
13.33 
28.09 
27.12 
57.67 
59.13 
5.35 
10.83 
16.84 
10.11 
3.04 
2.57 
17.00 
11.87 
11.49 
14.33 
" "! 
2 . n  
•2.08 
76.50 
•>38 
rh3<! 
•: ' i40 
4 .oI 
3.47 
4.31 
205.55 
197.96 
148.34 
22.68 
22.68 
27.36 
29.72 
30.04 
30.04 
19.75 
18.30 
24.42 
2.41 
4.09 
8.30 
7.11 
3.37 
10.48 
2.10 
2.10 
3.04 
7.60 
5.46 
11.87 
12.44 
10.07 
12.91 
1.70 
2.63 
2.01 
32.33 
26.81 
96.38 
:fi4i 
Ch42 
Ch43 
2.33 
2.90 
0.62 
153.08 
72.17 
68.37 
22.68 
15.20 
12.40 
26.14 
22.24 
20.61 
22.38 
20.34 
19.46 
4.09 
15.04 
4.93 
11.98 
15.34 
3.00 
1.63 
1.15 
0 
13.58 
3.75 
2.04 
14.80 
11.02 
10.07 
2.32 
2.01 
2.63 
95.27 
62.14 
56.62 
avq 3.71 116.52 16.88 25,65 26.80 6.86 10.04 1.75 8.10 11.96 2.19 52.30 
avg*Sd 5.40 168.58 22.32 29,00 42.34 10.56 14.29 2.89 12.70 13.79 2.50 79.98 
avg-sd 2.02 64.46 11.43 22.30 11.27 3.16 5.79 0.60 3.50 10.14 1.88 24.61 
Chii ! . 4 7  7 4 .69 10.53 24,84 16.25 5.35 9.73 1.15 9.74 9.12 2.01 27.91 
C145 3.47 05.44 9.59 27.12 19.17 14.62 14.59 1.15 14.44 12.44 2.63 30.12 
avq 3.47 80.06 10.06 25.98 17.71 9.98 12.16 1.15 12.09 10.78 2.32 29.01 
avg+Sd 3.47 87.67 10.72 27.59 19.77 16.54 15.60 1.15 15.41 13.13 2.76 30.58 
avg-Sd 3.47 72.46 9.40 24.37 15.65 3.43 8.72 1.15 8.77 8.43 1.88 27.45 
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Table 4b. (continued) 
Ba S'  I r  Jn La Ce Y Cu Ni Nb fin 
Novell (Slghozn fiAâla) 
.  Ch5' 1.92 108.49 17.95 10.15 11.42 10.32 7.56 1.43 1.05 9.95 1.24 60.15 
Ch54 1.35 112.28 16.56 9.50 11.71 8.23 7.93 0.01 1.43 10.42 1.55 56.96 
Ch55 2.49 113.86 19.35 9.17 11.12 10.32 7.93 1.43 1.00 9.00 0.92 55.89 
Ch56 0.21 110.07 16.09 8.52 15.51 11.57 10.18 0.00 4.83 13.73 2.34 62.28 
Ch57 1.35 116.70 17.49 12.10 9.66 11.57 9.80 0.49 1.85 8.53 1.55 56.96 
Ch58 3.06 118.91 20.74 10.15 12.88 12.40 12.42 1.91 2.28 10.90 1.86 62.28 
Ch59 1.35 119.54 19.35 10.47 14.05 8.65 10.92 0.00 3.55 10.42 1.55 59.09 
Ch60 0.21 112.28 14,70 9,50 12.59 9.48 10.18 0.00 3.98 11.37 1.55 58.02 
avg 1.49 114.02 17.78 9.94 12.37 10.32 9.61 0.66 2.60 10.54 1,57 58.95 
avg^Sd 2.49 118.05 19.77 11,02 14,19 11,80 11.31 1.46 3.96 12.13 1.99 61.40 
avg-Sd 0.49 109.98 15.79 8.87 10.55 8.84 7.92 -0.14 1.24 8.95 1.15 56.51 
Sample# Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
Ch417 1.94 120,88 18.52 12,82 14.25 11.40 13.32 1.04 2,93 11,74 1.54 419.65 
Mavoworth (Powder River flAfllUl 
Sample# Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Mn 
Ch30 6.89 242.21 65.71 45.66 14.21 26.83 37.78 6,81 8,03 10.54 2,32 41.16 
Ch'l 5,75 239,37 65.24 42.73 16.84 26.83 37,03 4.93 12,30 12.44 2,01 42.27 
avg 6,32 240.79 65,47 44,19 15.52 26.83 37,40 5.07 10.16 11.49 2.16 41.71 
avg+Sd 7,13 242.80 65,81 46.27 17.38 26.83 37.94 7.20 13.18 12.83 2.38 42.50 
avg-Sd 5.51 238.78 65.14 42,12 13,67 26.83 36.87 4.94 7.15 10.15 1,95 40,93 
Kavcee (Powder Rivec Baainl 
Ch48 4,77 87,33 19,81 10,47 18,73 5,73 10.18 O.'- '  5.68 12.79 1.86 53.76 
Ch49 1.35 85,75 17,49 9.50 16.98 10.32 13.17 0..v 2.28 10.90 1.24 48,43 
Table 4b. (continued) 
=: :3 5r Ti La Ce • Cu Ni Sb Mr 
! . :5 88. :7 [-.to 10.15 T." H.07 12.05 0.01 4.83 12."'? 0.92 54 .8: 
Ch51 l . :5 "' .11 17.49 10.4" 16. '8 : .57 M9 0.00 '  4(1 11 .  37 1 .  24 52.69 
:h52 
Lh61 
Ch62 
•}.;i  
2.49 
2.49 
70.11 
34.48 
74.69 
r . i" 
p.45 
17.02 
10.47 
10.4" 
12.lv 
16.68 
16. '8 
16.10 
2.40 
13.65 
5.32 
5.32 
12.05 
5.32 
0.00 
0.00 
0.01 
3.98 
3.55 
3.55 
10.42 
12.32 
11.37 
0,92 
0.92 
3,10 
51.63 
53.76 
52.69 
avg 
avg+Sd 
avq-Sd 
2.00 
3.45 
0.55 
82.68 
37.76 
7T.60 
17.75 
13.68 
16.83 
10.52 
11.30 
9.74 
17.10 
17,91 
16.30 
8.29 
12.75 
3.84 
9.33 
12.67 
5.98 
0.07 
0.26 
-0.11 
4.04 
5.12 
2.96 
11.71 
12.64 
10.77 
1.46 
2.26 
0.66 
52.54 
54.62 
50.46 
Saiolel Rb Ba Sr Zr tn La Ce Y Cu Ni Nb Ti 
Ch416 2.51 88.56 1-.60 11.53 18.58 5.60 11.12 0.00 3.79 10.79 1.54 4^9.60 
ratplet Rb Ba Sr Zr Zn La Ce y Cu Ni Nb Un 
(Permian Phosphoria Formation Chert) 
Chl07 
Chios 
Chl09 
11.62 
10.48 
13.90 
45.31 
47.84 
46.58 
16.09 
13.63 
13.63 
14.37 
14.37 
10.27 
17.27 
17.27 
17.56 
11.57 
6.98 
5.73 
16.53 
13.17 
3.45 
0.00 
0.00 
0.01 
3.98 
4.83 
3.98 
13,73 
15.13 
13.26 
1.24 
1.24 
1.33 
83.72 
91.05 
09.99 
avg 
avg»5(J 
avg-:d 
12.00 
13.^4 
10.26 
46.50 
47.84 
45.31 
15.70 
16.03 
15.52 
13.67 
17.92 
13.42 
17.37 
17.53 
17.20 
8.09 
11.17 
5.02 
11.03 
17.84 
4.26 
0.00 
0.01 
-0.00 
4.26 
4.73 
3.77 
14.03 
13.03 
13.06 
1.34 
1.32 
1.16 
80.92 
91.74 
86.10 
Table 4b. (continued) 
ia#: 2# ra Zr I r .  La "s '  C. ' ' i  Ntj Hr 
(Pennsylvania.-. Tensleep Formation Chert) 
Chl04 8,77 37.10 14.:? 14,69 13,46 5,73 5.69 0.00 6.53 11.37 0.92 81.46 
Chios 12.76 34,89 lS..i  18.91 13.46 8.65 10,92 1.43 7.38 12.32 1.24 79.33 
Chl06 7.63 39.31 13.30 15,34 13.17 13.65 14,29 0.00 8.23 13.26 1.24 74.00 
avq 9.72 37,10 15.47 16.31 13.36 9.34 10.30 0.48 7.38 12.32 1.13 78.26 
avg+Sd 12.41 39.31 18.46 18.59 13.53 13.35 14.63 1.30 8.23 13.26 1.32 82.11 
avq-Sd 7.03 34.89 12.48 14.04 13.20 5.34 5.97 -0.35 6.53 11.37 0.95 74.42 
Sample# Sb Ba Sr Ir 2n La Ce Y Cu Ni Nb Ti 
Ch4i8 10,50 45.66 16.21 16.70 15.40 8.88 12.55 10 2.07 14.10 1.54 47',60 
Ch503 8.60 '6.32 18.94 35.28 21.21 5.35 6.74 : .34 19.99 11. '6 3.56 61.15 
(Mississippian Ainsden Formation Chert) 
Ch504 9.60 21.59 26.43 12.80 20.63 1.14 10.48 0.00 15.29 12.91 2.01 4.20 
(Mississippian Madison Formation Chert) 
13,•! 61,42 23.62 17.36 25.30 4.09 5.62 0.00 25.55 12.91 2.01 14.39 
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Schwartz and DeCelles (1988) approximated the role of 
intraforeland uplift and foreland partitioning on clast 
dispersal in a rapidly evolving foreland basin in 
southwestern Montana. Detailed field and sedimentary 
petrologic analysis of the pre-Frontier Cretaceous rocks 
from southwestern Montana clearly revealed the presence of 
intraforeland uplifts during the Jurassic and pointed to an 
early phase of the Laramide orogeny (at least 100 my old). 
Nichols et al. (1985) also favored an early phase of Laramide 
orogeny based on palynological study of the Beaverhead Group 
(Cretaceous) rocks in southwestern Montana. The Kootenai 
(Lower Cretaceous)-lower Frontier sequences are represented 
by an approximately 20-my megacycle of episodic sedimentation 
related to nearly coeval thrust-belt and intraforeland 
tectonic episodes (Schwartz and DeCelles, 1988/ Dyman, 1985). 
In addition, the suggested source areas for a partitioned 
foreland in southwestern Montana consisted of the Cordilleran 
fold-thrust belt, intraforeland uplifts, and the craton. 
Andesite Clasts 
The polymictic conglomerate (lithotype "d" within the 
middle Frontier unit; Table 1) exhibits an unorganized fabric 
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and Is comparable to the disorganized conglomerates described 
by Walker (1975). Angular to subrounded clasts of andesite 
ranging from 10 to 25 cm in diameter (Figures 27 & 28), are 
set in a poorly sorted fine-sand-to-granule-sized 
volcaniclastic matrix (Khandaker et al., 1988). Rarely, the 
poorly developed foresets of a trough-cross stratified 
sequence within the polymictic conglomerate are accentuated 
by granule- to-pebble-sized andesite clasts (Figure 29). 
Detailed chemistry along with minéralogie studies were 
carried out on the andesite clasts and the associated 
bentonites and sandstone samples from both the Bighorn and 
Powder River Basins. Thin section study along with mineral 
separates and trace element geochemistry, of selected samples 
from several closely-spaced localities (Figure 19) were 
interrelated by this study. Elemental studies were 
accomplished by using an energy-dispersive X-ray fluorescence 
unit (Kevex). For andesite, USGS standard AGV-1 (Standard 
Andesite) was utilized. 
Most of the andesite clasts are porphyritic in texture. 
Pseudomorphs after plagioclase (An40) are abundant in most of 
the specimens. Crystals range up to 15 mm in length and 
average about 5 mm. Most of the plagioclase crystals are 
euhedral to subhedral, randomly oriented, and set in a matrix 
Figure 27. Andesite clasts in a poorly sorted volcaniclastic matrix. 
This is a disorganized conglomerate. The pen is 14 cm 
long 
Figure 28. Cobble-sized (approximately 12 cm) andesite clast 
occurring within Torchlight conglomerate near 
Greybull 
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of variable texture (Figure 30). In light-colored andesite, 
plagioclase phenocrysts are of smaller size and somewhat more 
scattered. Magmatic zoning in feldspar phenocrysts is 
indicated by small chloritic pseudomorphs after glass 
inclusions, concentrated in bands parallel to the crystal 
outline (Figure 31). These are particularly common in dark-
colored andesites, but less common in light-colored 
andesites. 
Of particular importance is the extremely phenocryst-rich 
andesite. A striking feature of many orogenic volcanic rocks 
is their crystal-rich nature (Ewart, 1982). Data on the 
phenocryst content of andesites have been compiled and 
confirm that 70 percent of the rocks have phenocryst contents 
in excess of 25 percent (by volume), frequently extending to 
56 percent or more. The observed trend (frequency 
distribution vs. total phenocryst content in terms of volume 
percent) exhibits a bimodal phenocryst distribution, similar 
to that noted by Ewart (1982). This phenomenon is explained 
in terms of fractional crystallization and/or flow 
differentiation process acting within feeder conduits or 
shallow magma chambers (Ewart, 1982). 
Pale green subhedral augite phenocrysts occur in all 
andesite clasts studied. Microphenocrysts of 
titanomagnetites occur in all. Textures range from hyalo-
Crudely developed trough foresets accentuated by 
granule-pebble-sized andesite clast near Alkali 
Anticline. The coin is 30 mm in diameter 
Figure 30. Polished andesite slab showing randomly oriented, 
subhedral to euhedral phenocrysts of plagioclase 
feldspar 
Figure 31. Photomicrograph of zoned plagioclase feldspar showing 
small chloritic pseudomorphs after glass inclusions, 
concentrated in bands parallel to the crystal outline. 
Scale bar is 500 microns 
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ophitic to pilotaxitic with increasing proportions of 
feldspar microlites. Most clasts have microlites that in 
some form an essentially continuous mat and in others are 
separated by a range of dark alteration products after glass. 
Andesine (An40) supplants much of the plagioclase feldspar. 
Chlorite replaces ferromagnesian minerals, and sericite 
flakes occur in many altered plagioclase phenocrysts. 
Epidote is a widespread secondary phase. 
The crystal-rich character of the clasts, the presence of 
abundant plagioclase phenocrysts showing the former presence 
of glassy inclusions, a mafic mineral suite of pyroxene and 
titanomagnetite, and the absence of biotite and hornblende, 
all are in accordance with the rocks being members of a low-
potassium orogenic suite (Ewart, 1982; Duddy, 1987/ 
Leterrier et al., 1982/ Livesey et al., 1988/ Nisbet and 
Pearce, 1977). 
Trace element abundances for 150 clasts are presented in 
Tables 5 and 6. Trace element data reveal several patterns 
of abundance variation (Figure 32) : 
1) High Field Strength Elements (HFSE) Zr, Y, and Ni show 
typical magmatic patterns. 
2) Sr, Rb, Ba, and Ce (a light rare earth element) vary 
in an irregular fashion (Tables 5 and 6). 
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Figure 32. Trace element plot (in ppm) of the Torchlight 
andesite clasts (Bighorn and Powder River Basins) 
The trace-element plot represents average numbers 
These are compared with published andesite data 
involving Independence Suite (Meen and Eggler, 
1987) and western interior andesite (Zwart, 1982) 
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Table 5. Trace element (ppm) concentrations for 
representative andesite clasts sampled from the 
Torchlight sandstone unit (middle Frontier unit), 
Bighorn Basin, Wyoming. Trace elements were 
determined by XRF 
Grevbuii (sighocn Bssin) 
Sample# Rb Ba 5r I T  Zn La Ce y Cu Ni Nb Nn 
And6 149.99 797.55 1509,01 126.34 25.00 4.09 16.46 4,93 4.18 11.02 10.09 43.37 
And7 143.15 798.19 1483.15 124.38 26.75 3.67 19.45 3,51 9.31 11.96 0.05 44.47 
And8 176.22 1160,09 1016,59 157.57 22,67 0 3.75 3,04 5.03 10.07 8.05 45.50 
And9 177,93 1166.41 1002.09 162.12 21,50 0 12.35 5.40 4.61 10.07 10.09 43.37 
AndlO 170.50 958.44 1639.82 111.37 28,00 0 9,36 7.29 2,90 9.12 10.40 59.93 
Andl4 162.53 1357.95 1744.57 176.11 22,96 0 12,72 3.98 9,74 11.49 0.23 42.27 
Andl5 160.25 1357.64 1745.04 176.43 19,75 0 9,73 2.57 6.74 11.49 8.23 CO
 
Andl6 168.81 1357,00 1717.91 170,90 22,96 0 2,25 4.93 5.03 11.49 8.23 45.58 
Andl7 167.67 1354.79 1729.60 167,98 26.46 0 0,24 3.51 8.03 12.91 10,09 46,68 
Andl8 155.69 1301.69 1792.74 159.84 10.59 0 0.30 3.51 3.75 7.70 9.47 42.27 
Andl9 175.65 1286.52 1908.71 151.38 22.67 0.72 12.35 1.63 9.31 10.54 9.16 41.16 
And20 196.74 1135,44 1628.12 109.09 34.92 *..1 13,84 5,40 9.31 12.44 7.61 69.87 
And21 196.74 1135.44 1649.17 100.96 34.05 1,98 16.46 5,07 11,87 12,44 9,16 66,56 
flnd22 207.57 1188.54 1697.80 104.87 30.55 1.56 16.46 5.87 5.03 10,07 7.61 57.73 
ând23 193.89 1202.44 1636.08 119,50 29,96 0 14.59 5.87 7.17 11.96 7.92 57.73 
And24 153.41 1090.55 1770,29 128.94 25.59 0 5.62 1.15 4.61 9.60 6.67 36,74 
And:5 162,53 1080,12 1798.35 131.54 27.05 0,72 6,74 1,63 6,32 12.44 7,61 44,47 
flnd26 250.33 1264.71 1267.57 126.66 16.55 0 0.76 3.98 3.75 10.07 9.78 42.27 
And27 250.90 1255.06 1285,34 124.38 15.96 0 8.61 5.40 3.32 8,18 9,78 36.74 
And28 171.66 3480.60 1683.31 120.16 23,55 0 0 5,87 6,32 11,49 10,09 80,92 
And29 160,82 3619,46 1592.50 117.55 23.04 0 0 3.51 7.60 12.91 8.85 68.77 
avg 179.09 1397.97 1661.84 136.57 24.77 0,82 9.05 4.23 6.38 10.93 8.89 50.21 
avgtSd 200,06 2133,20 1025.37 161.42 29.04 2,30 15,23 5,08 8,87 12.41 9.95 62,76 
avq-Sd 150.13 662.74 1498.31 111.73 19.69 -0.66 2.80 2.58 3,89 9.44 7.84 37.66 
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Table 5. (continued) 
laYSli (aioharn aaaia) 
Sa«olel Rb Ba :n Ce Cu Ni Nb Mr, 
And32 135.98 
and33 1:5.72 
4nd34 1*2.26 
And35 127.43 
And36 142.26 
avg 134.73 
avg+Sd 142.63 
avg-Sd 126.83 
722.55 1168.06 
709.60 1069.00 
741.51 1176.90 
737.00 1070.77 
735.19 1194.57 
729.19 1137.46 
742.20 1196.30 
716.17 1070.54 
78.33 
79.63 
70.66 
90.93 
76.06 
78.72 
80.52 
76.92 
26.05 
20.10  
31.90 
20.68 
26.39 
20.62 
30.73 
26.52 
2.81  
0 .00  
4.06 
0.00 
4.90 
2.35 
4.63 
0.00 
8 .68  
1.95 
10 .10  
1.50 
12.79 
7.04 
12.07 
2.00 
2.38 
3.00 
4.20 
2.86 
4.20 
3.52 
4.38 
2.66 
1.43 
1.43 
2.20 
2.28 
1.00 
1.60 
2.26 
1.11 
9.48 
9.95 
9.95 
10.42 
0.53 
9.67 
10.38 
8.95 
5.59 
7.14 
7,14 
6 . 2 1  
7.14 
6.64 
7.36 
5.93 
66.55 
67.61 
65.48 
66.55 
67.61 
66.76 
67.65 
65.07 
Alkali Anticline (glghocn Baain) 
flnd305 153.67 1166.99 1634.52 123.79 25.17 0.00 4.57 4,75 8.66 9.48 7.46 65.40 
flnd306 149.10 1170.47 1633.13 124.76 26.63 0.00 6.06 2.30 9.93 11.37 6.83 71.87 
avg 151.30 1168.73 1633.82 124.27 25.90 0.00 5.31 3.56 9.29 10.42 7.14 68.67 
avg+Sd 154.62 1171.19 1634.81 124.96 26.93 0.00 6.37 5.24 10.19 11.76 7.59 73.19 
avg-Sd 148.15 1166.27 1632.84 123.59 24.87 0.00 4.26 1.09 0.40 9.09 6.70 64.16 
ih&ll (Bighorn Baain) 
Sample# Rb Ba Sr Zn 
flnd429 156.12 001.55 1558.18 124.40 25.51 
La Ce 
3.70 15.66 
Y 
1.52 
Cu 
4.22 
Ni 
0.42 
Nb Ti 
7.12 1.O0E+O3 
flnd4'0 169.03 1156.11 1732.91 162.57 23.20 0.00 10.43 4.01 4.22 9.37 9.90 1.62E+03 
And4:l 172.60 1168.90 1840.44 170.65 21.10 0.00 9.86 2.93 4.65 7.95 8.05 1.44E+03 
avg 124.66 1042.19 1282.88 114.40 23.30 1.26 11.98 
avg»Sd 208.08 1250.68 2146.01 193.30 25.46 3.44 15.18 
avg-Sd 41.24 033.69 419.75 35.51 21.13 -0.92 8.79 
3.09 4.36 8.58 6.27 1380.00 
4.74 4.61 9.30 10.60 1654.95 
1.44 4.12 7.86 1.93 1105.05 
Basin (Bighorn Baainl 
flnd432 171.54 1356.90 1766.28 172.27 22.63 0.00 10.89 5.20 4.65 11.26 6.50 1.50E+03 
And433 171.54 1367.77 1096.52 161.92 20.31 0.00 9.66 1.52 5.94 9.37 7.43 1.44E+03 
And434 172.11 1354.70 1800.12 173.56 21.47 0.00 8.56 2.46 7.67 8.90 8.05 1.50E+03 
Table 6. Trace element (ppm) concentrations for 
representative andesite clasts sampled from the 
Torchlight sandstone (middle Frontier unit), 
Powder River Basin, Wyoming. Trace elements were 
determined by XRF 
Kavcee (Powder fiixai saain) 
SanDlel Rb Ba Sr Zr In La Ce Y Cu Ni Nb Mn 
Andl 
4nd2 
And3 
And4 
146.57 •74.48 1081.91 117. 35.94 8.72 20.95 
167.67 777.64 1176.38 124.06 39.12 12.09 34.41 
160.25 765.00 1076.30 117.55 36.40 16.30 36.65 
162.53 774.16 1095.94 114.30 39.40 20.52 25.06 
4.46 6.30 12.21 9.47 67.10 
9.17 5.20 15.01 10.72 61.30 
8.23 1.30 12.10 12.27 59.<0 
6.81 5.40 14.11 11.65 58.40 
And5 173.94 756.78 1144.58 119.18 35.21 17.15 37.78 5.87 3.75 12.44 11.96 57.73 
And37 169.64 1032.74 1604.29 126.71 22.24 10.32 17.28 5.70 3.55 10.42 8.08 60.15 
And3B 174.78 1024.85 1662.89 140.02 23.41 10.32 19.52 5.70 4.83 11.84 6.83 60.15 
And39 166.79 1033.38 1532.67 130.93 19.32 8.23 25.50 5.70 1.85 8.53 6.21 59.09 
And40 155.95 1023.27 1509.89 126.71 19.90 10.32 18.77 5.23 2.70 9.48 7.14 58.02 
And41 166.79 1026.11 1580.58 131.58 21.37 6.98 23.26 4.75 4.83 11.84 7.77 63.35 
And42 150.25 976.20 1496.86 142.62 16.39 3.23 19.52 5.70 4.40 9.95 7.46 58.02 
And43 160.51 987.89 1636.38 141.00 16.98 0.00 3.45 4.75 4.83 10.90 9.01 55.89 
And44 177.63 1009.68 1764.74 143.59 16.39 4.49 18.03 6.18 3.98 9.95 10.57 54.83 
And45 179.34 997.68 1783.35 144.24 17.85 2.40 5.69 6.65 6.95 11.37 9.32 60.15 
flnd46 162.80 974.94 1649.41 144.57 18.15 0.00 12.79 4.75 3.55 9.00 8.70 58.02 
Maveworth (Powder Rixfic Baflin) 
Sa«Dlel Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
And435 173.82 778.90 1178.13 125.05 37.94 6.90 22.32 6.22 5.08 12.21 8.36 1.20E+03 
And436 158.90 780.88 1067.36 118.26 39.38 10.78 29.80 8.58 6.37 15.05 11.76 1.26E+03 
And437 180.11 769.00 1228.65 108.58 35.63 18.77 34.67 6.69 1.64 12.01 9.59 1.20E+03 
And43B 160.69 776.89 1075.71 118.58 40.83 20.53 26.45 6.69 5.94 14.57 9.90 1.26E+03 
And439 166.40 768.66 1097.95 115.35 40.54 18.87 36.70 5.75 5.94 13.15 10.52 1.20E+03 
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3) The low Ti02 content of the rocks, ranging between 0.10 
percent and 0.30 percent, points towards an orogenic series 
(Ewart, 1982), a conclusion consistent with the low Zr, Y, 
and Ni values. 
4) The behavior of less mobile elements that vary 
systematically with these parameters, notably Zr, Y, Ni, and 
Nb are all towards the lower end of the range for orogenic 
rocks, suggesting a low - potassium series (Ewart, 1982) . 
The overall geochemical trend of the andesite clasts 
confirms our previous interpretation that they were derived 
from an arc suite. Low Ti and Zr abundances (Tables 5 and 6) 
suggests a relatively thin arc crust (Gill, 1981) and, allied 
with the absence of detritus characteristic of oceanic crust, 
favors derivation from a continental arc rather than from an 
intraoceanic arc. Low-K rocks are most common towards the 
front of arcs (Gill, 1981) and the presence of detritus 
derived from such rocks favors a forearc setting. 
In order to compare the mineralogy and trace element 
characteristics of the andesite clasts with the corresponding 
matrix (sand-to-granule size volcanic matrix of the 
polymictic conglomerate), samples were analyzed from these 
units and geochemical plots were made. These allowed greater 
insight pertaining to source areas, facies, and transport 
mechanism for the volcanic detritus. 
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Two faciès assemblages can be recognized in the study area 
(Figure 1). The first is composed of laterally restricted, 
matrix-supported, polymictic conglomerate and is presumed to 
represent an inter-eruption phenomenon. The second is 
characterized by a laterally continuous sequence dominated by 
sand-sized paleovolcanic andesite grains signifying a greater 
influx of volcanic detritus into the depositional basin. 
Trace element data corroborate andesite clast and matrix 
data to show similar patterns in a general way to those of 
"typical" otogenic volcanics (Gill, 1901); they show some 
significant differences in detail. Matrix of polymictic 
conglomerate and andesite are strongly enriched in Sr and 
Ba (Figure 33), but only mildly enriched in light rare 
earth elements (LREE) and high field strength elements. 
Composition of the volcaniclastics in the Torchlight unit, 
along with paleocurrent data, indicates a proximal sediment 
source for the extrabasinal detritus within the Frontier 
Formation. Recent documentation of an episode of volcanic 
activity (between 92-88 my; Meen and Eggler, 1987) in 
southwest Montana (Figure 34) reinforces our contention of a 
proximal sediment source. The product of this volcanism was 
an assemblage of deep crustal to mantle-derived rocks, and 
their composition is typified by time-integrated enrichment 
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VOLCANICLASTIC MATRIX 
( POLYMICTIC CONGLOMERATE ) 
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Figure 33. Average trace element concentration (in ppm) in 
volcaniclastic matrix associated with polymictic 
conglomerate. 
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Figure 34. Geological map of the Cretaceous Independence Volcano, 
southwest Montana. The field and chemical affinities 
between the Torchlight volcaniclastic component and 
Independence volcanic suite are similar. (After Meen 
and Eggler, 1987) 
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of light rare earth elements over heavy rare earth elements 
(Meen and Eggler, 1987; Meen, 1985). Petrology and trace-
element geochemistry of the volcaniclastic sequences also 
reflect similar trace element behavior by having high 
contents of LILE (large ion lithophile element) and 
considerably lower contents of HFSE. Meen and Eggler (1989 
and 1987) believe that there is no evidence for a 
contribution from a subducted slab beneath the Montana-
Wyoming area during the Late Cretaceous. The present study 
also negates any oceanic signature associated with the 
Torchlight volcanic sequences and hence strongly favors a 
continental-type orogenic suite. 
Granite Clasts 
Granite clasts occur in the Torchlight polymictic 
conglomerate. Similar to andesite clasts, they are also 
extremely useful in the study of sediment provenance since 
they provide large, discrete samples that record petrological 
and geochemical data from the source area. This information 
can be used to deduce the timing and nature of magmatism in 
areas adjacent to the foreland basin and to distinguish 
among source areas that may appear superficially similar. 
Thus it is possible to pinpoint precisely the source area of 
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the sediments and to determine the magnitude, sense, and 
timing of the large-scale deformation that has affected the 
foreland during and since Cretaceous time. 
From a sample of 30 granite clasts, two types have been 
recognized. Most of the clasts are between 1.5 to 8.5 cm in 
diameter. Paleocurrent data within the conglomeratic unit 
and the surrounding sandstone show a predominant 
northwesterly derivation for the material. 
The most distinctive granite type is a muscovite-bearing 
biotite granite. Biotite is normally more abundant than 
muscovite, and plagiocalse (albitic composition) is more 
abundant than alkali feldspar. Occasionally, features 
indicative of post-crystallization deformation and 
recrystallization are well-displayed by feldspar containing 
offset twin lamellae (Figure 35). There are limited quartz-
feldspar intergrowths and quartz shows strain extinction, 
sutured grain boundaries, and weak foliation. Accessory 
minerals include zircon, magnetite, augite, and minor amounts 
of hornblende. The texture is hypidiomorphic-granular. The 
second type has a more euhedral, aplitic texture, with zoned 
alkali feldspar present. The quartz shows no evidence of 
strain in this group. Trace elements including Ba, Rb, and 
Zr in both types scatter widely (Table 7), suggesting that 
Figure 35. Photomicrograph of original curved and offset plagioclase 
twin-lamellae in a Torchlight granite clast suggesting 
post-crystallization deformation and recrystallization in 
the source region. The photograph is 2 cm across 
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Table 7. Trace element concentrations (ppm) for 
representative granite clasts sampled from the 
Torchlight sandstone (middle Frontier unit), 
Bighorn and Powder River Basins, Wyoming. Trace 
elements were determined by XRF 
Grevb^ii (Sighocn Saain) 
S a i D l e l  Rb Ba Sr Ir Zn La Ce Y Cu Ni Nb Mn 
6rl 
Gr2 
12.76 
11.62 
26.99 
29.52 
36.09 
35.16 
117.29 
112.42 
25.46 
25.17 
19.91 
18.66 
21.02 
21.77 
10.44 
9.97 
1.85 
3.98 
16.10 
17.52 
1.86 
3.10 
66.55 
69.74 
6r3 8.77 24.47 31.44 108.85 24.58 24.08 32.23 8.55 2.70 14.68 4.97 64.41 
8r4 
Gr5 
10.48 
9.91 
33.63 
20.68 
34.23 
32.83 
115.02 
111.40 
25.46 
25.76 
16.16 
15.32 
16.53 
24.76 
9.49 
8.07 
1.85 
3.55 
16.57 
18.47 
2.79 
3.10 
69.74 
71.87 
avg 
avg*Sd 
avq-Sd 
10.71 
12.25 
9.17 
27.06 
31.97 
22.14 
33.95 
35.80 
32.10 
113.40 
116.54 
110.26 
25.29 
25.73 
24.84 
18.83 
22.30 
15.35 
23.26 
29.08 
17.45 
9.30 
10.29 
8.32 
2.79 
3.76 
1.82 
16.67 
18.10 
15.23 
3.16 
4.29 
2.03 
98.46 
71.42 
65.51 
Alkali Anticline «Biohorn Baain) 
Sri 
S r i  
1.92 
1.92 
37.42 
38.05 
46.32 
46.32 
10.15 
8.85 
13.76 
14.05 
21.58 
9.48 
26.25 
7.19 
0.01 
0.00 
2.28 
1.43 
11.37 
9.95 
2.48 
1.55 
52.69 
48.43 
5rS 
Br" 
4.77 
4.20 
48.79 
43.42 
50.51 
46.79 
11.12 
7.55 
14.34 
15.22 
20.33 
21.16 
IB.40 
16.16 
1.91 
0.00 
1.85 
3.13 
10.90 
12.32 
2.48 
1.55 
53.76 
54.83 
GrlO 
Grll 
Grl2 
3.63 
3.06 
1,92 
37.10 
44.68 
41.52 
43.53 
48.65 
46.32 
8.85 
8.20 
7.55 
13.17 
12.00 
14.93 
9.48 
13.65 
9.48 
10.92 
24.01 
13.17 
0.00 
0.01 
0.00 
2.28 
0.15 
2.70 
10.42 
8.06 
10.90 
2.17 
1.86 
1.86 
53.76 
48.43 
55.89 
avg 
avg+Sd 
avg-Sd 
3.06 
4.25 
1.87 
41.57 
45.94 
37.19 
46.92 
49.10 
44.74 
8.90 
10.23 
7.56 
13.92 
15.02 
12.83 
15.02 
20.84 
9.21 
16.59 
23.47 
9.71 
0.28 
1.00 
-0.44 
1.97 
2.95 
1.00 
10.56 
11.89 
9.23 
1.99 
2.39 
1.60 
52.54 
55.52 
49.56 
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Table (continued) 
illSll (Bighorn aaaini 
SaiDlel Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Mn 
Sr307 
5r308 
9.34 
5.91 
277.17 
290.75 
46.79 
45.86 
100.09 
100.09 
14.34 
15.81 
10.32 
14.49 
16.16 
24.39 
3.30 
5.70 
11.63 
9.51 
10.42 
9.00 
1.86 
3.10 
54.33 
52.69 
avg 
avg+Sd 
avg-Sd 
7.62 
10.05 
5.20 
283.96 
293.56 
274.36 
46.32 
46.98 
45.67 
100.09 
100.09 
100.09 
15.07 
16.11 
14.04 
12.40 
15.35 
9.46 
20.27 
26.08 
14.46 
4.75 
6.09 
3.41 
10.57 
12.07 
9.07 
9.71 
10, "1 
8.71 
2.48 
3.36 
1.60 
53.76 
55.27 
52.25 
Kavcee (Powder River Baain) 
Sample# Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
5r4l2 2.51 46.32 44.48 7.32 13.96 20.16 18.60 0.00 0.34 8.90 2.16 419.65 
Sr413 9.93 26.55 32.43 107.59 27.25 25.09 33.43 8.58 0.77 13.63 4.02 779.35 
Sample# Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Mn 
6rl3 37.29 189.35 54.23 60.80 13,17 21.16 34.10 4.28 5.25 9.95 2.17 53.76 
Grl4 40.14 197.88 56.55 65.67 12,59 14.49 35,97 3.80 3.98 9.00 2,48 53,76 
Srl5 39.57 194.41 56.55 63.07 13,46 19.49 40,46 2.86 5.25 10.90 1.24 56.96 
Sample# Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
6r411 41.34 201.80 58.38 66.83 15.40 15.66 36,60 6.69 5,51 10,32 2.16 599.50 
Sr412 2.51 46.32 44.48 7.32 13,96 20.16 18.60 0.00 0.34 8,90 2.16 419.65 
6r413 9.93 26.55 32.43 107.59 27.25 25.09 33.43 8,58 0.77 13.63 4.02 779.35 
apple# Rb Ba Sr  Zr  Zn La c« Y Cu Ni Nb Ti  
Sr498 
Sr499 
71.32 
127,19 
507.40 
1366.eo 
ICS.93 42.08 23.84 3.25 
160.17 84.37 19.17 12.09 
13.47 
30.30 
2,10 
22,38 
11.02 
10.59 
11,49 
11.02 
3.87 
5.12 
77.84 
102.51 
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the detritus was derived from a different area or different 
level in a similar crustal block. 
We will explore possible sources for granite clasts in 
detail by comparing the Torchlight granite clasts data (Table 
7) with the published data from the Idaho Batholith (Idaho), 
Boulder Batholith (southwestern Montana), Independence 
Volcanic Complex (Eastern Absaroka Belt), and Precambrian 
Beartooth Plateau (Montana). All of these regions are now 
situated north and northwest of the present study area and 
possibly acted as potential sources for granitic detritus of 
the Torchlight conglomerate. 
Traditionally, the Cretaceous Idaho Batholith (Figure 37) 
has been regarded as the prominent source of the coarse 
detritus in the Frontier Formation (Goodell, 1962), since 
this area presently lies to the northwest. The batholith 
rocks are mainly granite to granodiorite (Criss and Fleck, 
1987/ Farmer and DePaolo, 1983; Hyndman, 1983 and 1984). 
Granitic rock present in the Idaho Batholith is similar to the 
corresponding Torchlight granite clasts. However, there is no 
direct correspondence between the chemistry of the two 
groups. Ranges of concentrations of selective trace-element 
for the two groups are as follows: 
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idaha Batholith Torchlight Granitic ciast 
l-128ppm Rb 50-100ppm 
Ba 1000-2000ppm 
Sr 600-1100ppm 
(Data from Hyndman, 1984) 
20-1375ppm 
30-160ppm 
(This study) 
It is obvious from the above comparison that the 
apparently similar granitic constituents, i.e., Idaho 
Batholith and Torchlight granitic suite, are geochemically 
unrelated. Because the Idaho Batholith is considered unable 
to provide the range of granitic detritus found in the 
Torchlight conglomerate, it is necessary to look elsewhere 
along the margin of the foreland basin. 
Extensive outcrops of upper Cretaceous granitic rocks are 
exposed in the Boulder Batholith of southwestern Montana 
(Figure 37). These are sodic granites and have the 
following characteristic trace-element concentrations 
(Tilling, 1973). 
Geochemically, these data suggest a petrogenetic 
linkage between the Torchlight and Boulder Batholith granitic 
Boulder Batholith 
Rb 50-100ppm 
Sr 50-600ppm 
Torchlight Granite Clasts 
l-128ppm 
30-l60ppm 
(This study) (Data from Tilling, 1973) 
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suite. However, the time constraints associated with the 
Boulder Batholith (ca. 79 Ma; Tilling, 1973) negate the 
possibility of its being a potential source region for the 
Torchlight detritus since the conglomerate is an older event 
(ca. 85 Ma). 
The Beartooth region contains a core of Precambrian 
crystalline rocks, partially overlain by Paleozoic and 
younger sedimentary rocks and Tertiary volcanics (Figure 38). 
It is dominated by granite gneiss, migmatite, and some 
amphibolites (Exley, 1980; Henry et al., 1982). Geochemical 
comparison between the Precambrian granitic rocks with 
Torchlight granitic clasts show the following: 
Beartooth Granite Torchlight Granite Clasts 
Rb 50-200ppm l-128ppm 
Sr 100-300ppm 30-160ppm 
(Data from Montgomery and Lytwyn, 1984) (This study) 
Similar geochemical as well as petrological characteristics 
(weak foliation and offset plagioclase lamellae in some of 
the Torchlight granitic clasts) suggest that the Beartooth 
region could have provided some, if not all of the igneous 
detritus to the foreland basin. This implies that sufficient 
Paleozoic unroofing must have occurred before Frontier time 
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Montgomery and Lytwyn, 1984) 
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(ca. 85-90 Ma) in response to the incipient Laramide Uplift. 
Cretaceous-age volcanic rocks of calc-alkaline nature are 
exposed in the Independence Volcanic Complex in the eastern 
Absaroka Belt (Figure 34). Although they volumetrically 
dcr.inate the volcanic field, intrusive felsic rocks are also 
present (Meen and Eggler, 1989). The calc-alkaline volcanic 
suite apparently contributed volcanic detritus to the 
foreland basin. The intrusive felsic rocks, mostly of 
granitic nature, have the following trace-element 
concentration; 
Independence Granitic Rocks Torchlight Granite ciasts 
Rb 30-120ppm l-128ppm 
Ba 530-1900ppm 20-1375ppm 
Sr 200-1060ppm 30-160ppm 
Zr 70-160ppm 10-120ppm 
La 20-45ppm 3-25ppm 
Ce 35-85ppm 7-40ppm 
Y 8-17ppm l-22ppm 
Ni 17-74 8-20ppm 
(Data from Meen and Eggler, 1989) (This study) 
The scatter contents of Ba, Sr, and Rb reflect 
inhomogeneity in source regions of granitic components (Meen 
and Eggler, 1989)/ however, some trace-element (Y and La) 
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have fairly small ranges of concentrations. It is quite 
possible that in addition to the Beartooth source region, the 
Independence complex was also a point source for granitic 
detritus within the Torchlight sequence. 
The study of granite clasts sampled from the Torchlight 
conglomerate has shown that two main types of granite clasts 
are present in the conglomeratic bodies derived from the 
northwest. Similar granites are now exposed in the Idaho 
Batholith and Boulder Batholith; but the Independence Complex 
and Beartooth region have a plutonic history closely 
comparable to that recorded by the Torchlight conglomerate 
clasts. We conclude that the magmatic history inferred from 
the source of the conglomerate suggest that erosion and 
significant post-Frontier deformation have probably modified 
the precise source basin-linkage. 
Quartzite Clasts 
These are the least common clast types present within 
Torchlight conglomerate. Quartzite clasts are typically 
light colored, well-rounded, disc-shaped, often veined and 
chattermarked. Based on the geochemical signatures (in this 
study), the source of these quartzites is constrained to the 
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northwest, i.e., Beartooth region. Very similar geochemical 
trends have been noted for the quartzitic components of the 
Torchlight conglomerate (Figure 39) and Precambrian Beartooth 
quartzite (Table 8). 
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Table :. Trace eler.ent (ppn) concentrations for 
representative quartzite clasts sampled from 
the Torchlight sandstone (middle Frontier unit), 
Bighorn and Powder River Basins, Wyoming. Sample 
# Qz500 and QzSOOA represent a Precambrian 
quartzite vein from the Beartooth region. Trace 
elements were determined by XRF 
Saiplel Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Un 
Bighorn Basin 
0:296 
0:297 
7.06 
4.77 
19,7; 
25.10 
13,30 
11.44 
9.50 
11.45 
9.66 
9.66 
5,73 
10.74 
7.93 
10.55 
0.00 
0.00 
2.70 
2.70 
9.48 
9.48 
1.24 
1.86 
47.37 
47.37 
0:298 
0:299 
1.35 
0.78 
33.94 
37.73 
7.26 
7.26 
12.10 
11.77 
9.66 
11.12 
9.07 
9,48 
4.57 
13,54 
0.00 
0,00 
3.13 
3,13 
12.79 
10,90 
2.48 
1,55 
48.43 
48.43 
avg 
avg+Sd 
avg-Sd 
3.49 
6.45 
0.53 
29.12 
37.32 
20.93 
9.81 
12.86 
6.77 
11.20 
12.37 
10.04 
10.02 
10.76 
9.29 
8.75 
10.89 
6.62 
9.15 
12.96 
5.33 
0.00 
0.00 
0.00 
2.91 
3.16 
2.67 
10.66 
12.23 
9.09 
1.78 
2.31 
1.25 
47.90 
48.51 
47.29 
0:314 
0:315 
2.98 
9.70 
19.99 
26.85 
9.08 
5.88 
13.77 
16.43 
8.65 
11.20 
12.09 
9.80 
10.32 
12.75 
0.00 
0.00 
4.67 
1.24 
14.98 
10.54 
3.05 
1.78 
56.98 
43.78 
Powder River Basin 
0:316 
0:317 
4.80 
6.77 
18.10 
27.89 
11.21 
10.20 
10.06 
9.56 
8.76 
12.09 
4.74 
11.70 
8.54 
10.09 
0.00 
0.00 
3.26 
1.70 
8.48 
11.90 
2.23 
4.14 
39.56 
46.37 
avg 5.78 22.99 10.70 9.81 10.42 8.22 9.31 0.00 2.48 10.19 3.18 42.96 
Saiolel Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
0:414 5.93 22.44 12.50 9.26 10.78 8.65 9.63 0.00 2.50 11.26 1.54 419.65 
0:415 2.51 35.70 9.72 11.20 10.20 10.12 8.66 0.00 2.50 10.79 1.23 419.65 
Saiplel Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
Precambrian quartzite vein, Beartooth region 
0:500 1.76 23,81 6.78 16.38 15.09 4.51 9.73 0.00 8.45 10.07 2.32 360.00 
QzSOOA 2.36 17.76 5.65 23.87 12.98 5.68 7.53 0.00 5.34 13.32 1.09 387.50 
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SIGNIFICANCE OF ANDESITE-GRANITE CLASTS DATA 
The igneous clast data involving the Torchlight sequence 
clearly reflect a diverse northwesterly derived assemblage of 
andesite and granite clasts (based on the linear distribution 
of the conglomerate and paleocurrent data from the associated 
sandy facies) within the Torchlight conglomerate and its 
equivalents in the Bighorn and Powder River Basins. The 
igneous clasts Include a group of 90-88 Ma andesites (Meen and 
Eggler, 1987) and 90 Ma granites (Meen and Eggler, 1989) to 
which the conglomerate may be petrogenetically related. 
These are associated with the Cretaceous intermediate 
volcanic suite as well as the Precambrian Beartooth Plateau. 
Presence of similar clast lithologies in the Bighorn and 
Powder River Basins implies that very rapid unroofing must 
have occurred to supply detritus to a rapidly subsiding 
foreland basin. 
Assuming the source of these clasts is still exposed 
(i.e., it has not been unroofed to the extent that rocks now 
exposed bear little resemblance to those originally at higher 
crustal levels)/ it should show a similar magmatic history. 
It is particularly important to establish whether the 
Independence Volcanic Complex, which shows marked 
provinciality in its internal magmatic history, could have 
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supplied clasts with the requisite chemical and chronological 
characteristics. 
Andesites of 90-80 Ma have been identified in the 
Independence region (Meen and Eggler, 1987) . Hence, it is 
feasible that the clasts (in this study) could have a 
provenance in a volcanic suite of this type, a hypothesis 
supported by the available geochemical data. Compositional 
fields for the Torchlight andesite clasts and data from Meen 
and Eggler, 1987 are included in Figure 32. It demonstrates 
a reasonably close correspondence between the composition of 
the Torchlight clasts and Independence suite, although the 
latter shows a wider compositional variation. In addition, 
many of the felsic intrusive bodies (mainly granitic) in the 
source region may have been associated with the 
volcanic centers from which large volumes of volcanogenic 
sediments were derived. This would explain why igneous 
lithologies dominate the provenance. 
Control on Foreland Basin Sedimentation 
Although the style of Torchlight conglomerate deposition 
was mostly influenced by an extrabasinal volcanic episode, 
the drainage system was primarily controlled by the 
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intrabasinal morphotectonic setting (Khandaker, 1989; Beck et 
al., 1988). The andesite clast distribution in a northwest-
southeast longitudinal profile and the noticeable absence of 
andesite clasts to the north and south of this trend suggest 
partitioning of the foreland basin or a fracture-controlled 
(in the form of lineaments) dispersal system. An incised 
axial stream apparently restricted lateral growth of the 
volcaniclastic apron. 
The localization of volcanism during the Late Cretaceous, 
however, is related to the development of fractures, some of 
which resulted from reactivation of old fracture zones in 
response to the incipient Laramide Orogeny (Nichols et al., 
1985). Subsequent propagation of this fracture zone in a 
northwest-southeast direction presumably controlled the 
distinctive andesite dispersal within the foreland basin 
proper (Khandaker and Vondra, 1989). 
Concentrations of linear features reveal a pattern of 
intersecting northwest- and northeast-trending regional 
lineaments (Figure 1/ Nye-Bowler lineament) in both the 
Bighorn and Powder River Basins (Marrs and Raines, 1984; 
Hoppin, 1974). These lineaments are interpreted to be 
adjustments along boundaries of crustal plates. Marrs and 
Raines (1984) concluded that these linear fracture systems 
are responsible for the distinctive lithological and 
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structural behavior of the overlying formations. 
Furthermore, field and topographic expressions (distinctive 
trends in Cretaceous oil-producing horizons in north-central 
Wyoming) observed among Paleozoic and Mesozoic formations 
within north-central Wyoming demonstrate that these 
structural lineaments were periodically reactivated 
throughout the Phanerozoic (Marrs and Raines, 1984). 
At the onset of the Laramide uplift, these fracture 
patterns were readjusted in response to the new stress field 
and provided episodic control on the middle Frontier 
volcaniclastic dispersal. The propagation of the fracture 
systems were related to the regional uplift history. 
Recent documentation of northeast and southeast fracture 
pattern-controlled sedimentation within the Lower Cretaceous 
Cleverly Formation conglomerates in north-central Wyoming 
clearly reflects the variable response of these fracture 
systems with respect to the existing local internal dynamics 
of the foreland basin (Furer et al., 1991; May and Suttner, 
1990). Furer et al. (1991) and May and Suttner (1990) 
suggested that the internal dynamics of the foreland basin 
may be at least as significant as basin-margin tectonics in 
understanding and interpreting the provenance and dispersal 
of the widespread Lower Cretaceous conglomerates across the 
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foreland basin. Similar fracture-controlled sedimentation 
has been well-documented in Colorado and adjacent areas 
(Peterson and Smith, 1986/ Stockmal et al., 1986/ Tankard, 
1986/ Weimer, 1986) . 
Recognition of this fracture-controlled sedimentation is 
important as it provides a better mechanism for estimating 
the relative roles of autocyclic and allocyclic controls on 
foreland basin sedimentation. In view of the renewed 
interest in estimating the relative influence of basin margin 
tectonics versus intraforeland structural setting on the 
sediment dispersal within a foreland basin, one should always 
keep in mind on the significant role of autocyclic phenomenon 
on foreland basin sedimentation. 
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CONCLUSIONS 
The volcaniclastic sedimentary suite studied in the 
Torchlight sandstone and equivalent units in north-central 
Wyoming demonstrates that a typical continental arc-related 
orogenic assemblage accumulated in a rapidly evolving 
foreland basin. 
The extrabasinal volcanic detritus was derived from a 
nearby source, mainly in the vicinity of southwestern 
Montana, and the dispersal system was strongly influenced by 
reactivated fracture system as well as intraforeland 
uplifts. 
Furthermore, presence of granite clasts have important 
tectonic implications inasmuch as they indicate that 
Precambrian Beartooth crystalline rocks must have been 
exposed during Frontier time (ca. 90-85 Ma). That, in turn, 
means that significant erosion of the overlying Paleozoics 
must have occurred before Frontier deposition in the 
Beartooth region. 
The source areas for the partitioned foreland basin 
consisted of Precambrian Beartooth crystalline rocks. 
Paleozoic sedimentary rocks of the Sevier fold-and-thrust 
belt, and a Late Cretaceous continental arc-related volcanic 
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suite in the eastern Absaroka belt. Finally, the present 
study also points to an early phase of Laramide orogeny. 
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CHAPTER III. 
UPPER CRETACEOUS FRONTIER BENTONITE GEOCHEMISTRY AND 
CONSTRAINTS ON PROVENANCE AND TECTONICS 
158 
ABSTRACT 
The major problems concerning the Upper Cretaceous 
Frontier bentonites in north-central Wyoming are (1) their 
source areas, (2) paleotectonic-setting, and (3) their 
original ash composition. Field relationships, distribution 
of immobile trace-elements, mineralogy of the bentonite and 
associated sand fraction, and characteristic zircon 
morphology were used to assess the composition and to 
characterize the sources of the volcanism. 
The Peay bentonite (lower Frontier unit) contains crystals 
of labradorite, whereas the Torchlight bentonites (middle 
Frontier unit) include andesine and sanidine. A diverse 
group of heavy minerals comprised of zircon, monazite, 
apatite, and Ti-rich augite dominates the accessory mineral 
suite for both Peay and Torchlight bentonites. The clay-size 
fraction of the Peay and Torchlight bentonites shows an 
abundance of illite, smectite, kaolinite, and mixed-layer 
clays. 
Geochemical plots using Ti-Zr-Y and Nb-Zr-Y contents 
indicate a lower group (Peay bentonite) of thin tephra of 
dominantly alkali basaltic composition and an upper group 
(Torchlight bentonites) of thick and variable tephras of 
andesitic to basaltic andesite composition. 
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Geochemical signatures within the bentonites indicate that 
the volcanism in the northerly source region changed 
character with time. The progression from homogeneous but 
generally silica-undersaturated magmas (Peay bentonite) to 
consistently silica-saturated magmas (Torchlight bentonites) 
with time indicates an increase in the degree of partial 
melting and a decrease of crustal involvement with time. 
Furthermore, the composition of the interstratified shale 
sequences between bentonite horizons suggests small-scale 
marine incursion with a non-uniform detrital input and 
subsidence of the depositional basin. Presence of 
intrabasinal structural highs, however, controlled local 
variation in Frontier bentonite thicknesses. 
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INTRODUCTION 
Cretaceous rocks of the western interior, particularly the 
Mowry Shale and Frontier formations, contain numerous 
bentonite beds derived from altered pyroclastic material. 
They have enormous stratigraphie and tectonic significance 
since they form essentially isochronous horizons within rock 
sequences characterized by complex facies relationships. 
Although they tend to occur widely (Kauffman, 1984/ 
Obradovich and Cobban, 1975; Gill and Cobban, 1973/ Slaughter 
and Barley, 1965/ Carey and Sigurdsso, 1982/ Amajor, 1985/ 
and Al-Arabi, 1971), their usefulness in stratigraphy has 
been limited to comparatively short-range correlations due to 
the difficulty of distinguishing one bed from another. Their 
gross minéralogie and petrologic features are, for the most 
part, the same, and they tend to vary in thickness, color, 
texture, and general appearance as much laterally within 
individual horizons as vertically between horizons. The 
purpose of this study is to use field observation, 
geochemical, petrological, and zircon morphology data to 
establish a chemical fingerprint of the original ash 
composition and to provide a tectonic and provenance 
interpretation. 
I6l 
GEOLOGY OF BENTONITES 
The lithologie unit of particular importance in this study 
is the horizon above the Peay sandstone (lithotype "c" within 
lower Frontier unit) and the horizons below the Torchlight 
sandstone (lithotypes "a" and "c" within middle Frontier 
unit) of the Frontier Formation (Table 9) . Well-developed 
bentonites ranging in thickness from 4 to 15 cm are well-
exposed in the study area (Figure 40). These bentonites are 
separated from each other by several centimeters of laterally 
persistent shale. Thickening and thinning of the bentonite 
beds have been noted in most of the localities in the study 
area. Where exposed at the surface, the bentonite usually 
resembles popped popcorn because of loss of water from the 
montmorillonite with accompanying shrinkage. 
The Peay bentonite (Figure 41) rests on an extensively 
bioturbated sandstone unit and is generally the thinner 
bentonitic unit (Table 9). It is interbedded with soft 
sandy-to-silty shale with Fe-oxide nodules. The Peay 
bentonite is well developed in the Cody and Greybull area of 
the Bighorn Basin (Figure 41). Beds of very light gray to 
greenish gray bentonite are also abundant in the lower 
Frontier unit between Kaycee and Mayoworth (Powder River 
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Table 9. Frontier lithofacies and field characteristics 
of bentonites 
Lithofacies Field Characteristics 
upper Frontier 
unit (upper 
Turonian) 
b. siltstone, bioturbated mudstone and 
shale. 
a. thick beds of sandstone. 
middle Frontier 
unit (late to 
early Turonian) 
d. sandstone and polymictic 
conglomerate. 
c. carbonaceous, locally silicified, 
variably colored, coarsest at the 
base, bentonitic mudstone; upper 
contact is directly gradational 
with the overlying black 
shale/siltstone. 10-15 cm thick. 
b. lenticular sandstone. 
a. light-yellowish brown to green, 
carbonaceous, bentonitic mudstone 
with brown shale and thin lignite; 
hard and blocky. 0-12 cm thick. 
lower Frontier 
unit (early 
Cenomanian) 
grey bentonite, locally silicified; 
interbedded with shale; coarsest at 
the base; sand-sized biotite grains, 
3-8 cm thick. 
bioturbated sandstone and chert-
pebble conglomerate. 
a. laminated sandstone with poorly 
bioturbated mudstone. 
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Figure 41. Thinly-bedded Peay (lower Frontier unit) 
bentonite near Alkali Anticline 
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Basin) and are very rarely as much as 3 m thick. Bentonite 
occurs within the interstratified shale, sandstone, and 
siltstone sequences of the lower Frontier unit in the 
southwestern Powder River Basin. 
The Torchlight bentonite in the Bighorn Basin (Figures 42 
and 43) underlies a polymictic conglomerate unit comprised of 
clasts of andesite, quartzite, granite, and chert. The shale 
associated with the Torchlight bentonitic unit is mostly 
silty and indurated. Prominent Torchlight bentonites are 
exposed in the northwestern part of the Bighorn Basin. Such 
deposits often contain porcellanite similar to those in the 
Mowry Shale which also contains persistent bentonite 
horizons. In contrast to the Mowry Shale, however, the 
silicified bentonitic sequences of the Torchlight contain 
thin, carbonaceous, brown shale and lignite beds. 
A typical bentonite is thin and light colored and composed 
primarily of clay-sized particles (60-80%) . However, it 
differs in color from bed to bed, ranging from yellowish green 
to creamy white. Variability in color is due to the relative 
abundance of certain light or dark colored minerals in the 
coarse-grained fraction of the bentonite. Table 9 
represents a vertical profile through a particular bentonite 
bed consisting of several discernible units in the outcrop. 
Each unit is separated from the overlying and underlying unit 
Figure 42. Torchlight bentonite (Lithotype "c") near Greybull. 
It underlies polymictic conglomerate. The hammer is 
0.3 m long 
Figure 43. Torchlight bentonite (white; Lithotype "a") showing 
association of carbonaceous shale and thin lignite 
near Cody. The hammer is 0.3 m long 
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by an abrupt change in grain size. Each unit is coarsest at 
its base. Frequently, the bentonitic unit contains sand-
sized biotite. 
Field Techniques 
Rock samples were collected during July and August of 1987 
and 1988. Ten localities had been studied with detailed 
stratigraphie and lithologie descriptions. Figure 40 shows 
rhe study localities referenced in this paper. Sixty-eight 
shale and bentonite samples were collected from the upper 
part of the Peay Sandstone and the lower part of the 
Torchlight sandstone. All samples are closely spaced 
geographically so that physical correlation of units on the 
basis of lithology and key beds could be established with 
confidence. Samples of each lithostratigraphic unit were 
acquired by digging through the weathered surface to assure 
relatively unweathered samples. Interstratified shale sample 
locations were selected on the basis of stratigraphie 
position and visual inspection of physical parameters such as 
color and texture. 
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Laboratory Techniques 
Each shale and bentonite sample was crushed to pieces 
about 1 cm in diameter in a jaw crusher; the jaw crusher was 
cleaned after each sample to prevent contamination. A split 
of the crushed sample was pulverized in a tungsten carbide 
ball mill and then sieved through a 230-mesh seive. The 
portion passing through the seive (less than 63 microns) was 
used for geochemical study. The coarser fraction (greater 
than 63 microns) was used for heavy mineral separations and 
textural analysis. Mineral separates were isolated by a 
combination of conventional heavy liquid, magnetic, and hand 
picking methods. 
The mineralogical composition of the less than 2 micron 
fraction of all shale and bentonite samples was determined. 
Trace elements were determined with a Kevex X-ray 
fluorescence unit. United States Geological Survey standard 
sample USGS Cody Shale was used for a standard reference. 
Results of the chemical analyses of bentonites and shale 
samples from the Frontier formation are listed in Tables 10 
through 12. 
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RESULTS 
The results of X-ray diffraction analyses of the clay 
size fraction for samples in the Peay and Torchlight 
sandstone unit show a similar mineralogy consisting of 
quartz, kaolinite, illite, smectite, mixed-layer clays, 
potassium feldspar, plagioclase, chlorite, calcite, and 
dolomite. 
Thirteen trace elements including Rb, Ba, Sr, Nb, Zr, Y, 
Ni, La, Ce, Ti, Mn, Cu, and Zn were selected for this study. 
Abundances of the large-ion lithophile elements (LILE) (i.e., 
Rb, Ba, Sr, La, and Ce) are useful in petrogenetic studies 
because their relative abundances, with the exception of Sr, 
do not greatly depend on the source mineralogy or on their 
crystallization phases (Saunders, 1984). Hence the ratios of 
these elements should reflect source region characteristics. 
However, some of these elements, such as Rb and Sr can be 
highly mobile during alteration (Kay, 1984/ Thorpe et al., 
1984/ Wolfbauer, 1977) . 
The analyzed data (Table 11) show relatively small amounts 
of Rb and Sr in some of the Torchlight bentonite samples (Ben 
92-95/ Ben403/ all these are from lithotype "a" facies within 
the middle Frontier unit and may be due to alteration. 
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Alternatively, small amounts of Sr may have resulted from 
plagioclase fractionation. High-field -strength elements 
(HFSE) comprising Zr, Ti, and Nb are usually considered to 
be immobile during alteration (Saunders, 1980). Fairly 
uniform concentrations of Zr, Ti, and Ni occurred in Peay 
bentonite (Table 10). Such consistent behavior of these 
elements in Peay samples implies that they have not been 
strongly modified by secondary processes (Figure 44). In 
contrast, moderately non-uniform behavior has been recorded 
in Torchlight bentonites. 
The similarities between Peay and Torchlight bentonites 
can be explored more fully using multi-element plots (Figure 
44). Overall elemental abundances and patterns of individual 
element enrichment or depletion are directly comparable, 
although levels of most mobile elements such as Rb and Ba 
tend to be distinctly higher in the Torchlight bentonites. 
Although the Peay bentonites have very similar multi-element 
patterns to those of the Torchlight bentonites, the range of 
Y values is particularly large and has a significant effect 
on discriminant plots that use Y as one pole, such as the Nb-
Y-Zr plot of Meschede (1986). 
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Table 10. Trace elements concentrations for 
representative Peay (lower Frontier) bentonlte 
samples. Trace elements were determined by XRF 
and are expressed as parts per million (ppm) 
Cody (Bighorn SailHl 
Saiolei Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Mn 
Ben46 
Ben47 
Ben48 
31.02 
29.30 
32.16 
384,25 
383.62 
387,41 
152.36 
147,71 
143,99 
245.87 
247.17 
249.44 
02.23 
00.19 
79.09 
104.14 
113.73 
102.47 
175.04 
171.30 
166.07 
62.60 
61.65 
64.97 
4.83 
5.25 
5.25 
16.57 
14.60 
14.60 
14.92 
15.54 
14.61 
257.27 
260.46 
251.94 
Ben49 33.30 390,25 146,31 276.06 79.09 102.05 164.57 64.97 3.13 13.26 14.30 250.88 
Ben50 
BenSl 
27.59 
28.73 
392. 4 8  
390.57 
139,34 
136.08 
243.92 
243.00 
01.94 
79.89 
104.56 
114.15 
170.55 
176.54 
50.81 
10.60 
5.25 
6.53 
15.15 
15.15 
14.92 
15.23 
258.33 
216.89 
3en52 29.30 385.51 137.94 264.38 81.06 102.89 166.07 60.70 5.25 14.21 13.60 251.94 
Ben 53 24.17 382.35 139.34 226.71 00.19 105.39 161.21 55.49 8.66 16.10 14.30 260.46 
Ben54 
Ben55 
25.88 
27.02 
374.14 
372.56 
139.00 
133.75 
252.69 
254.31 
89.26 
84.87 
98.72 
104.14 
154.48 
161.96 
61.18 
57.86 
7.81 
4.40 
17.52 
13.26 
15.23 
14.61 
294.56 
295.63 
Ben56 
Ben57 
Ben58 
25.31 
27.02 
23.60 
365.61 
372.25 
375.09 
137.47 
140.27 
137.47 
241.32 
244.25 
243.27 
84.58 
05.16 
09.55 
103.31 
103.72 
98.30 
171.30 
162.70 
160.09 
57.86 
62.13 
62.13 
6.95 
4,40 
4.83 
10.47 
13.26 
15,63 
13.99 
14.61 
14.61 
305.22 
309.48 
300.95 
Ben5* 
BeniO 
25.80 
27.59 
382.35 
376.67 
139.80 
142.13 
250.41 
255.28 
83.11 
83.40 
103.31 
105.81 
161.21 
163.45 
61.18 
60.23 
4.40 
3.55 
13.73 
15.15 
14.61 
13.05 
308.41 
294.56 
avg 
avg+Sd 
avg-Sd 
27.86 
30.67 
25,05 
381.01 
308.92 
373.09 
140.92 
145.79 
136.04 
249.21 
260.35 
238.06 
83.01 
06.21 
79.82 
104.45 
108.03 
100.06 
165.77 
171.05 
159.69 
58.02 
69.23 
46.02 
5.37 
6.89 
3.84 
15.12 
16.60 
13.57 
14.55 
15.18 
13.91 
274.47 
302.64 
246.29 
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rable (continued) 
Grevbuii-Shell (Sighocn Biainl 
Saaolet fib Sa t.r 2i La Ce Y Cu Ni Nb Tl 
Ben450 22.78 364.78 123.89 253.'0 "'7.81 102.45 156.90 59.98 
Ben451 28.67 374.76 142.:8 248.90 78.68 105.67 173.89 61.34 
Ben452 26.50 375.70 134.80 243.0? 84.45 96.89 160.78 63.67 
0en453 23.67 361.80 134.90 252.32 82.14 105.76 166.08 59.88 
ivg 25.40 369.26 134.09 249.55 80.77 102.69 164.41 61.22 
avg+Sd 28.10 376.27 141.85 254.34 83.85 106.86 171.77 62.98 
avg-Sd 22.71 362.25 126.33 244.77 77.69 98.53 157.06 59.45 
4.22 15.52 12.12 1.68E+0; 
2.07 13.63 13.70 1.68E»A3 
3.36 14.10 15.56 l.BOE+03 
4.65 15.52 13.70 1.68E+03 
3.57 14.69 13.77 1710.00 
4.71 15.67 15.18 1770.00 
2.44 13.72 12.36 1650.00 
Kavcee (Powder fiixfii Baaiûl 
âaiDlet Rb 6a Sr Zr Zn La Ce Y Cu Ni Nb Mn 
Ben76 24.74 355.50 100.27 229.31 94.02 94.13 148.50 46.95 6.10 16.10 13.99 197.60 
Ben77 23.03 358.35 100.27 236.13 96.28 103.31 152.24 46.48 4.40 13.26 16.48 191.21 
Ben78 24.17 351.08 101.66 228.01 92.48 94.97 152.24 50.75 4,83 12.32 14.61 191.21 
Ben79 26,45 354.24 104.46 245.87 95.99 99.97 157.47 53.59 6,95 16.57 13.99 193.34 
Thprnopolla (Bighorn BBflin) 
SaiDiet Rb Ba Sr Zr Zn La Ce y Cu Ni Nb Ti 
Ben406 24.21 352.10 107.05 248.60 96.88 96,65 151,12 48,59 5.51 15,05 14,24 1.68E+03 
Ben407 
Ben408 
23.07 
29.35 
356.23 
364.90 
104.27 
115.85 
235.66 
232,75 
97.17 
98,90 
99,45 
104,66 
157.70 
149.87 
50.94 
54.71 
4.22 
6.SO 
15.05 
14.10 
15.48 
16.41 
1.62E+03 
1.68E+03 
Ben409 25.35 358.75 102.88 252.80 96,59 97,64 148.34 50,00 5.08 14.57 15,48 1.68E+03 
Ben410 25.35 352.90 101.49 237.28 96,59 97.88 153,47 47.64 5.51 16.47 13,93 1.68E+03 
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Table 11. Trace elements concentrations for representative 
Torchlight (middle Frontier) bentonite samples. 
Trace elements were determined by XRF and are 
expressed as parts per million (ppm) 
Greyaull (Sighorn Saain) 
Saiolel ftb Ba Sr Zr Zn La Ce Y Cu Ni Nb Mn 
BenBO 
BenSl 
164.51 
158.80 
853.96 
857.75 
547.66 
532.78 
116.00 
110.15 
31.90 
26.93 
10.32 
20.74 
26.63 
49.06 
12.34 
15.18 
8.23 
5.68 
10.90 
11.37 
8.08 
9.32 
66.55 
67.61 
BenB2 
Ben83 
165.08 
155.38 
865.33 
853.64 
548.13 
519.29 
116.64 
113.40 
28.39 
31.02 
14.91 
14.91 
31.11 
40.46 
11.39 
14.24 
7.38 
8.23 
11.37 
11.37 
9.63 
9.01 
6B.68 
66.55 
BenB4 
Ben85 
151.96 
158.23 
786.99 
788.89 
522.08 
537.43 
145.54 
150.41 
30.73 
32.78 
21.58 
18.66 
50.55 
52.05 
17.55 
15.18 
7.38 
7.38 
9.95 
11.37 
10.57 
9.63 
68.68 
68.68 
BenB6 
Ben87 
169.64 
179.34 
785.73 
772.15 
567.20 
595.10 
152.36 
149.76 
31.32 
33.07 
24.50 
19.91 
57.28 
48.31 
19.45 
15.66 
6.53 
9.93 
11.84 
12.32 
11.61 
9.94 
74.00 
74.00 
BenBB 
Ben89 
147.96 
149.10 
836.90 
833.43 
493.72 
497.44 
110.80 
113.72 
32.49 
30.44 
16.57 
19.49 
46.07 
38.59 
14.24 
13.76 
8.66 
8.23 
11.84 
11.84 
9.94 
8.08 
67.61 
68.68 
Ben90 
Ben91 
154.24 
165.65 
825.53 
830.27 
510.92 
544.07 
114.37 
119.57 
30.44 
31.02 
19.08 
9.48 
47.56 
31.11 
13.29 
12.34 
7.81 
6.10 
14.68 
11.84 
10.26 
9.32 
68.68 
70.81 
Lithotvoe "a" (middle Frontier unit) 
Cody fBiohorn Basin) 
Ben*] 
Ben93 
16.18 
17.32 
201.67 
210.20 
74.23 
72.37 
135.15 
134.18 
69.65 
69.65 
57.44 
55.35 
104.76 
99.52 
17.55 
19.45 
5.68 
8.23 
11.37 
12.79 
25.50 
24.56 
225.30 
219.98 
Ben94 
Ben95 
16.18 
15.61 
204.83 
201.36 
75.16 
74.23 
136.45 
137.10 
70.53 
67.90 
66.19 
59.94 
98.03 
99.90 
18.50 
14.71 
5.25 
7.81 
10.90 
13.73 
27.36 
23.63 
226.37 
218.91 
175 
Table 11. (continued) 
Shell (Siqho:: aaiW 
Saaole* =b fa Sr Ir Zn La Ce y Cu Ni Nb Hn 
Ben96 
Ben9' 
BenSS 
161.66 
162.90 
166.22 
1181.94 
1199.73 
1191.63 
650.44 
643.93 
649.51 
100.41 
100.41 
102.03 
31.02 
28.10 
29.85 
0.00 
1.56 
0.00 
13.54 
15.04 
15.41 
9.49 
7.60 
9.49 
10.78 
9.08 
9.51 
12.32 
10.42 
10.90 
5.59 
6.21 
4.35 
112.36 
110.23 
109.17 
Ben99 182.19 1175.20 690.44 112.10 29.56 1.15 18.77 10.44 8.23 10.42 6.21 113.43 
BenlOO 
BenlOl 
182.76 
177.63 
1236.17 
1245.33 
617.89 
600.68 
100.09 
101.71 
24.29 
22.24 
0.31 
0.00 
9.05 
21.02 
9.97 
9.97 
6.10 
4.40 
11.37 
11.37 
5.59 
5.59 
81.46 
80.40 
Benl02 
Benl03 
189.61 
184.47 
1244.38 
1245.96 
622.54 
609.05 
107.23 
107.55 
23.12 
22.24 
3.65 
0.00 
11.30 
16.53 
9.49 
11.39 
7.38 
3.98 
13.26 
9.00 
4.97 
6.52 
71.87 
76.14 
TanalAAO (Biohorn Basin) 
Saiolet Rb Ba Sr Zr Zn la Ce Y Cu Ni Nb Ti 
Ben400 152.12 850.77 513.05 116.64 30.43 9.32 24.33 14.22 6.37 11.26 9.59 1.86E+03 
3en401 156.12 791.45 539.01 147.37 32.16 22.32 52.34 16.56 6.80 11.74 10.52 2.10E+03 
Ben402 150.99 820.56 507.0! 116.64 28.69 21.OB 44.32 9.05 3.79 11.26 9.20 1.86E+03 
Ben403 15.07 198.22 73.21 132.81 67.70 55.66 101.06 17.05 4.22 9.37 25.71 1.50E+03 
Ben404 163.55 1188.44 639.58 95.29 28.98 0.67 14.31 7.63 8.96 9.84 4.64 1.74E+03 
Ben4ù5 185.25 1195.78 629.38 109.53 22.34 1.03 16.89 8.58 1.64 6.42 6.19 1.6BE+03 
avg 
a<q+Sd 
avg-Sd 
117.58 840.87 
193.76 1204.94 
41.40 476.80 
414.47 
678.69 
150.24 
102.61 
150.81 
54.41 
35.05 
51.39 
18.71 
18.35 
38.89 
-2.19 
42.21 
74.81 
9.62 
12.18 
16.44 
7.93 
5.30 
7.89 
2.70 
10.31 
11.62 
9.01 
9,42 
17.47 
1.37 
1790.00 
1992.29 
1587.71 
Mavoworth (Powder River Basin) 
rerv'? - \ c 1:6.01 32.51 2*1.59 107.55 93.39 1^2.02 62.93 5.03 27.59 39.94 
Mn 
147.40 
5?r;v' :9/v 4 1 4 . 7 9  251.36 195.95 98.59 62.63 119.29 39.93 4.61 10.07 25.33 119.30 
Seiîl) ".02 641.10 94.23 234.66 95.30 17.57 50.12 30.39 24.70 35.62 12.89 444.23 
10000.00 
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Figure 44. Trace element plots (in ppm) for both Peay 
and Torchlight bentonites 
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GEOCHEMICAL CONSTRAINTS ON TECTONIC SETTING 
Geochemical identification of parent magma type depends on 
the use of immobile trace elements (Winchester & Floyd, 
1977). On the Zr/Ti02 " Nb/Y plot (Figure 45), most 
Torchlight samples fall into the andesitic field, with slight 
overlap into the alkali basalt field. However, five of the 
samples from lithotype "a" facies of the Torchlight differ 
markedly (Ben92-95; Ben403 is a basaltic andesite). These 
anomalous tephras also differ from the others analysed on the 
basis of their feldspar phenocryst assemblages by having 
labradorite (Ben92-93 and Ben403) and sodic plagioclase 
(Ben94-95). This shows that in this sequence, (Torchlight 
"a" facies) feldspar compositions are sensitive indicators of 
magma type and can be used for both correlation and 
characterization purposes. Peay bentonite samples show a 
consistent trend towards the alkali basalt field. Thus 
distinct and different geochemical trends have been observed 
between Peay and Torchlight bentonites. This trend has 
significant provenance and tectonic implications. Bentonites 
of similar appearance may not have been derived from the same 
source region. 
Low Ni abundances (average 16 ppm) in all of the bentonite 
0.1 
CM 
g 
H 
\ 
w 
N 
0.0 
phonoute 
rhyolite trachyte 
rhyodacite 
dacite 
rRACHYANDESlTE 
andesite* 
tholeiite 
basanite 
andesite/basalt 
•TORCHLIGHT 
+ PEAY 
Figure 45, 
0.1 Nb/Y 
-r 
1 
—1 
10 
Geochemical plot of Zr/Ti02 vs Nb/Y. The magma 
field classification scheme of Winchester and Floyd 
(1979), as shown in this diagram, characterizes the 
original ash composition of the Frontier bentonites 
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samples analyzed indicate that the Frontier bentonites are 
more highly evolved or fractionated than the shale (Ni varies 
from 25-35 ppm). Using discrimination diagrams involving Zr, 
Ti, and Y (Pearce and Norry, 1979), samples with alkalic 
affinity (most of the Peay samples) plot in the region of 
within-plate basalts (WPB), whereas the Torchlight samples 
plot in the arc-type region (Figure 4 6). 
Thus, the geochemical study confirms that the majority of 
Torchlight bentonites are andesitic, but indentifies five 
with an unusual basaltic andesite composition. The shale 
contains elements of more variable composition, including 
alkali basalt, trachyte, and trachyandesite. The greater 
variability is accompanied by more variable feldspar 
assemblages. 
Detrital Mineralogy of Bentonites 
The sand sized fraction (63-250 microns size utilized) of 
the bentonites recovered during textural analysis provided an 
important means of supplying alternative data on pluton 
emplacement as well as source-region characteristics. The 
most abundant light minerals in the sand fraction are 
feldspar (orthoclase, sanidine, and plagioclase), biotite, 
and quartz. 
within plate \ 
field 
orb,-
x'field/ 
• arc field 
CO 
o 
Zr (ppm) 
Figure 46. Geochemical plot of Ti02 vs Zr. Peay bentonite 
(patterned with pluses) and Torchlight bentonites 
(patterned with open circles) show their distinctive 
paleo-tectonic setting in the source region. Plate 
tectonic setting and compositional boundaries are 
followed after Pearce and Norry (1979). ORB (ocean 
ridge basalts) 
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Quartz grains (monocrystalline) are characterized by unit 
extinction, straight or embayed grain boundaries and the 
absence of inclusions. Rare polycrystalline quartz contains 
vacuoles and shows semi-composite to undulose extinction. 
The results of feldspar analyses are divisable into two 
compositional groupings which correspond with lithofacies 
groups of the Peay and Torchlight units. Feldspars in Peay 
samples are dominantly calcic plagioclase, whereas Torchlight 
samples contain abundant alkali, including sodic plagioclase. 
Plagioclase is readily distinguished from quartz by the 
abundance of inclusions, contrasting relief and extensive 
twinning. Sanidine (mostly euhedral) and microcline 
(subhedral to anhedral) also occur in several samples. 
Subhedral grains of biotite are frequently encountered in 
almost all of the analyzed samples. 
The samples analyzed contain a rich and diverse heavy 
mineral assemblage, including not only typical detrital 
minerals such as epidote, garnet, kyanite, rutile, 
tourmaline, rounded zircon, and hornblende, but also euhedral 
crystals of typical volcanic minerals such as apatite, 
zircon, monazite, and Ti-rich augite. Of these, the Ti-rich 
augite is of particular significance considering its 
occurrence in peralkaline basic rocks (Deer et al., 1963). 
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Opaque oxide grains occur as an accessory phase in several 
samples and are mostly titanomagnetite. 
Zircon Morphology and Magma Composition 
The use of zircon as a possible clue to the specific magma 
type has been proposed by Poldervaart (1956). Pupin (1980) 
developed a classification scheme based on external zircon 
morphology (characteristics of crystal shape) and used that 
to identify specific magma types in the source area. 
Furthermore, the external zircon morphology is apparently 
sensitive to the composition and temperature of the magma at 
the time of crystallization, so that valuable information 
about the type of magma can be extracted from zircons (Pupin, 
1980). An attempt has been made to assess the usefulness of 
zircon morphologic studies in terms of characterizing the 
parent magma material for Peay and Torchlight bentonitic 
units. 
Zircon crystals were separated by using conventional 
heavy- liquid separation (bromoform, specific gravity • 
2.09), followed by magnetic and electromagnetic separation of 
the heavy mineral constituents. Most of the zircon grains 
are concentrated in the 62 micron to 120 micron size fraction 
and were used for routine petrological study. Fifty to 
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hundred grains were studied for each sample and the crystal 
morphology was noted for characterization purpose (Figures 47 
and 48). The resistance of zircon to alteration, the 
relative consistency of zircon morphology within a given 
bentonitic horizon, and the differences between horizons 
demonstrate that external zircon morphologic studies should 
be a useful tool in tephra correlation across wide areas. 
Petrological study of the external morphology of zircon 
crystals from the Peay and Torchlight bentonite samples 
correctly categorized the Peay (Figure 47) as part of a 
hornblende-bearing calc-alkaline series (classification of 
Pupin, 1980). In contrast, the bentonite bed from the 
Torchlight contains zircon (Figure 48) morphologically 
similar to those normally occurring in peraluminous granitic 
rocks that crystallized at low temperatures. The chemical 
characteristics of the crystallization medium play an 
important role in the origin and growth of a specific crystal 
shape (Pupin, 1980) . The zircon crystals studied also can be 
differentiated on the basis of inclusions present within 
single grain. Peay zircons are rich in inclusions, whereas 
Torchlight zircons are poor in inclusions. Pupin (1980) 
attributed this phenomenon to the vertical position of magma 
during crystallization and concluded that inclusion-poor 
Figure 47. Photomicrograph of an inclusion-rich zircon crystal 
in Peay bentonite. The crystal is 125 microns long 
Figure 48. Photomicrograph of an inclusion-poor, euhedral zircon 
crystal in Torchlight bentonites. The line bar is 
100 microns 
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zircons were related to dominantly sialic crustal source 
whereas inclusion-rich zircons correspond to a mixed zone 
comprising of sialic crust and mantle. The accessory mineral 
suite (monazite and garnet) and immobile trace element 
patterns (Table 10) for the Peay bentonite are consistent with 
this notion and contrast with Torchlight bentonites in the 
same section which lack monazite and have distinctive calc-
alkaline zircon morphologies and trace element patterns. 
Trace-Element Geochemistry of Shale 
Degens et al. (1957, p. 2420) proposed a geochemical 
classification for distinguishing between marine and 
nonmarine fine-grained sediments. The shale beds can be 
classified where they contain obvious paleoenvironmental 
indicators, such as marine fossils, primary sedimentary 
structures, trace fossils, or coal beds (Potter et al., 
1962; and 1980/ Pemberton and Frey, 1982). 
The shale unit selected in this study is interbedded with 
bentonite horizons and is laterally persistent. It is 
generally devoid of recognizable trace fossils assemblages, 
primary sedimentary structures (besides lamination) or any 
other paleoenvironmental indicator. Precise determination of 
the depositional environment of these shale sequences 
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sandwiched between isochronous bentonite beds will provide 
critical information on the duration of transgressive or 
regressive cycles within the foreland basin as well as the 
physical setting of the depositional basin. Therefore, 
separation of marine from nonmarine paleoenvironments by 
chemical and mineralogical variables alone was attempted for 
the Frontier shale samples in this study. 
The geochemical data involving Peay and Torchlight shale 
samples (Table 12) provide significant clues as to the 
precise identification of the environment of deposition of 
these fine-grained sediments. A multi-element plot shows 
(Figure 49) similar trace element concentrations for both 
Peay and Torchlight shale samples. Ni, Ce, and Zn are 
significantly abundant in both Peay and Torchlight shale. 
Collins (1987) and Schultz et al. (1980, p. B46) observed a 
similar pattern of concentrations in marine strata of the 
Pierre Shale (Cretaceous) of the northern Great Plains for Ni 
and Zn. However, they concluded that Ni and Zn enrichment in 
the marine Pierre Shale was related to the original S, Cr, 
and organic carbon content in the marine, organic-rich strata 
of the Pierre Shale. This comparison implies organic-rich 
nature of the Frontier shale, also. 
Slatt and Sasseville (1976) concluded that Ni and Zn were 
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Table 12. Trace elements concentrations of the Frontier 
shale samples. #Shl40-#Shl51 and Sh427 are Peay 
shale; #Shl52-#Shl55 and Sh428 are Torchlight 
shale. Trace elements were determined by XRF and 
are expressed as parts per million (ppm) 
Sample* Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Nn 
Shl48 128.00 503.97 110.50 202.69 121.15 34.09 72.61 33.68 29.07 31.71 17.41 177.36 
Shl49 129.14 507.44 114.69 190.46 121.15 43.60 77.09 34.15 29.49 30.29 10.65 175.23 
Shl50 121.72 511.23 104.92 191.97 119.40 44.93 76.72 30.36 27.37 26.98 16.79 170.96 
Shl51 122.86 502.70 105.85 192.62 121.74 34.92 77.84 32.73 26.09 25.09 18.03 170.96 
avq 125.43 506.33 108.99 196.43 120.86 39.40 76.06 32.73 28.00 28.52 17.72 173.63 
avg+Sd 129.12 510.16 113.51 201.52 121.87 45.10 78.41 34.42 29.50 31.54 18.52 176.83 
avg-Sd 121.74 502.51 104.47 191.35 119.85 33,71 73.72 31.04 26.43 25.49 16.92 170.43 
SaiDlel Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
Sh427 118.43 510.70 99.17 186.50 110.26 30.65 74.43 27.07 24.09 24.98 16.41 3.12E+03 
Sample* Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Nn 
Shl52 117.16 622.42 110.50 238.00 99.79 24.91 55.04 20.46 19.71 35.97 14.30 207.19 
Shl53 120.50 623.05 124.92 230.61 100.67 20.74 55.70 20.93 10.44 32.66 11.01 208.26 
Shl5* 111.45 624.63 106.78 210.60 98.91 29.92 54.29 25.62 15.09 20.07 11.50 207.19 
ShlSf 120.58 612.63 112.36 221.19 99.79 27.42 56.53 29.41 19.29 33.13 12.12 196.54 
avg 117.44 620.68 113.64 227.12 99.79 25.75 55.41 28.10 19.33 32.66 12.43 204.79 
avg»Sd 121.75 626.13 121.51 236.07 100.51 29.66 56.37 29.81 20.04 35.58 13.70 210.32 
avg-Sd 113.13 615.23 105.77 218.17 99.07 21.83 54.45 26.40 16.62 29.74 11.16 199.27 
Sample* Rb Ba Sr Zr Zn La Ce Y Cu Ni Nb Ti 
Sh420 104.16 611.22 105.19 211.00 102.37 28.77 55.45 23.64 18.86 32.07 12.07 3.54E+03 
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Figure 49. Average trace element concentration (in ppm) 
Peay and Torchlight shale 
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enriched in the fine-grained, organic-rich bottom sediments in 
four modern Newfoundland inlets and the adjacent continental 
shelf. The concentration of these elements was related to the 
proximity of local bedrock source areas and clay minerals in 
the marine sediments (Slatt and Sasseville, 1976). 
Relatively higher concentration of La in the Peay shale 
(average 40 ppm) and bentonite (average 100 ppm) compared 
with the Torchlight shale and bentonite reflect less 
terrigenous quartz input into the depositional basin and 
perhaps signify deposition in a quiet, less turbulent, 
offshore marine setting. Consistent Zr, Ni, Y, and Nb 
concentrations in all the shale samples analyzed suggest a 
similar source for the Peay and Torchlight shale, and the 
overall trace-element behavior (with the exception of La) is 
controlled by the rate of sedimentation, terrigenous input, 
and subsequent deepening of the depositional basin. 
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PROVENANCE AND TECTONIC IMPLICATIONS 
On the basis of the similarity in their gross 
stratigraphie development, their feldspar compositions, and 
their trace element geochemistry, there can be little doubt 
that the source for bentonite beds in the Peay sequence is 
located in the same general area. This is further supported 
by the presence of Ti-rich augite and the distinctive zircon 
morphology. The uniformity of composition and similarity in 
stratigraphie development of Peay bentonites over the studied 
region argues strongly against the contemporaneous 
involvement of several extrabasinal volcanoes. Evidence for 
active Cretaceous volcanism in Idaho and southcentral Montana 
has been documented by many workers (Eslinger and Yeh, 1986/ 
Gill and Cobban, 1973; Gil.luly, 1965/ Knechtel and Patterson, 
1956; Knechtel, 1962/ McGookey et al., 1972; Nichols et al., 
1987) . The volcanism broadly correlates to emplacement of 
batholiths in this region. Igneous rocks in northern Idaho 
and north-central Montana have yielded isotopic dates similar 
to those of the bentonites (ca 90 Ma; Obradovich and Cobban, 
1975; Meen and Eggler, 1987). 
The basinwide association of the Torchlight bentonite of 
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slightly variable composition along with essentially 
monotonous Ti-rich bentonites (lithotype "a" facies) 
indicates that the source area changed in character with 
time. The progression from homogeneous but generally silica-
undersaturated magmas to consistently silica-saturated magmas 
with time indicates both an increase in the degree of partial 
melting and a decrease of crustal involvement with time 
(Gromet et al., 1984), consistent with an origin in the newly 
evolving magmatic belt from southcentral Montana to Idaho 
(Figure 50). The geochemical character of the volcanic 
detritus within Torchlight sequence also support similar 
crustal involvement (see chapter on andesite clast). 
Volcanic ashes and their bentonitic derivatives may 
exhibit lateral variation in composition, at least for some 
elements (Brazier et al., 1982). In such cases it becomes 
necessary to document the variation in order to trace 
individual beds on a regional scale with confidence. Thus, 
continued efforts are needed to explore the degree of 
chemical variability in the Torchlight bentonites over large 
areas and to establish chemical parameters for reliable long-
range stratigraphie correlation. The results of this study 
reveal that trace-element finger-printing is a viable 
NORTH 
MONTANA 
SOUTH DAKOTA 
WYOMING 
DAHO 
I NEBRASKA 
UTAH 
_i 
BENTONITE 
SOURCE REGION COLORADO 
Figure 50. Map showing probable source regions for Frontier 
bentonites. Major structural features of the Wyoming 
region showing predominance of arcuate Laramlde basement-
thrusts and asymmetric basins (Precambrlan outcrops are 
patterned with dots. (After Hamilton, 1978) 
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technique for bentonite identification and correlation over 
distances of at least 250 km. Furthermore, local 
inconsistencies in Frontier bentonite thicknesses can be 
attributed to subsequent redistribution in some areas, such 
as over structural highs (intraforeland uplifts). 
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CONCLUSIONS 
The stratigraphie succession of late Cretaceous Frontier 
bentonites is identical to that observed in widely separated 
locations within the foreland basin. The lower part (Peay 
unit) contains thin and abundant tephras of nearly uniform 
composition of alkalic basalt types. It is overlain by a 
unit (Torchlight) containing thick tephras, almost 
exclusively derived from a Ti-rich andesite source. 
The geochemical characteristics of the tephras indicates 
that the source volcanoes had a similar plate-continental-
affinity and were spatially related. The overall geochemical 
nature indicates that the volcanism in the source region 
changed in character with time. The progression from 
homogeneous but generally silica-undersaturated magmas (Peay 
bentonite) to consistently silica-saturated magmas 
(Torchlight bentonite) with time indicates both an increase 
in the degree of partial melting and a decrease of crustal 
involvement with time. 
Composition of the interstratified shale sequences between 
bentonites indicates small-scale, periodic marine incursions 
with non-uniform detrital input and subsidence but a similar 
provenance for the detrital components. 
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CHAPTER IV. 
PETROLOGY AND DIAGENESIS OF THE UPPER CRETACEOUS FRONTIER 
SANDSTONES, NORTH-CENTRAL WYOMING 
202 
ABSTRACT 
The Frontier sandstones are lithicwackes to feldspathic 
wackes. The framework mineralogy of the sandstones consist 
of quartz, chert, feldspar, and mica. Rock fragments include 
mostly sedimentary, volcanic, and minor amounts of 
metamorphic constituents. Sorting of the sandstones ranges 
from poor to moderately well-sorted. Both poly- and-
monocrystalline quartz dominate the quartz component in the 
framework mineralogy. Plagioclase is the dominant feldspar 
and often shows magmatic zoning suggesting its derivation 
from a volcanic terrain or nearby magmatic arc. Temporal 
variations in the composition of the sandstone have been 
documented within the Frontier sequences. There is an 
increasing abundance of the intermediate volcanic components 
in the higher sections. Regional patterns and distributions 
of the mineralogical and geochemical data suggest a 
northwesterly source comprised of Precambrian crystalline 
rocks, Paleozoic sediments from the Sevier fold-and-thrust 
belt, and Cretaceous continental-arc- related volcanic rocks. 
Dispersal of compositionally similar sediments in both the 
Bighorn and Powder River Basins implies that rapid unroofing 
must have occurred in the source area to supply detritus to a 
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coeval foreland basin. Depositional characteristics, facies 
relationships, and local intrabasinal setting controlled the 
final mineralogy and diagenesis of the Frontier sandstones. 
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INRODUCTION 
Sandstone samples from the lower, middle, and upper 
Frontier units (Table 1) were collected and utilized in the 
laboratory for detailed mineralogical study of the framework 
components. The mineralogical data provided critical 
information concerning provenance, nature of source region, 
depositional setting, and characteristic pathways in sediment 
diagenesis. One hundred and seventy six samples were 
utilized from several selected localities in the Bighorn and 
Powder River Basins (Figure 51) for this purpose. The 
mineralogical study included grain-mounts of the weakly 
unconsolidated sandstone and thin-section study of the 
consolidated sandstone. 
Objective 
Numerous studies have demonstrated that sandstones from 
ancient foreland basins are characterized by high framework 
percentages of quartz and unstable sedimentary and 
metamorphic lithic fragments (Suttner, 1969; Dickinson and 
Suczek, 1979/ DeCelles, 1986; Schwab, 1975 and 1986; Mack, 
1981) . These studies are valuable insofar as they provide a 
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with andesites are present or absent are also 
shown 
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basis for interpretations of tectonic setting from sandstone 
composition (Bhatia, 1983; Davies and Ethridge, 1975/ 
Dickinson, 1976) . Relatively little light, however, has been 
shed on the detailed processes and responses within an 
actively subsiding foreland basin. These ultimately govern 
the framework composition of a foreland basin sandstone and 
many important questions concerning these processes-responses 
have not been addressed (Aalto, 1989/ Davis and Byers, 1989/ 
Girty and Armitage, 1989; Graham et al., 1988). The 
following questions are critical pertaining to the study of 
the Frontier sandstones: 
1. How do the various Frontier sandstone sequences compare 
with each other in terms of composition, provenance, and 
diagenetic aspects? 
2. To what extent are foreland-basin-sandstone 
compositions influenced by source-terrain composition, 
fluvial mixing, downstream transport, and intra-
basinal reworking of older sediments (intraforeland 
uplifts consisting of ancient rocks) ? 
This paper attempts to answer these questions through 
the presentation and discussions of field, petrologic, and 
trace-element data from the Frontier sandstones of the 
tectonically active Wyoming foreland basin. 
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SANDSTONE PETROLOGY 
Sandstone samples were collected from the lower (lithotype 
"a" and "b"), middle (lithotype "a through "d"), and upper 
(lithotype "a") Frontier units (see Table 1). The Peay 
sandstone sequence (lower Frontier unit) is composed of 
relatively thin layers of very fine to fine grained, 
bioturbated sandstone interbedded with irregularly laminated, 
dark gray, poorly bioturbated mudstone. Small-scale trough 
cross-stratification, horizontal lamination, and small 
intraformational rip-up clasts are also present within this 
sandy facies. 
The middle Frontier unit consists from bottom to the top 
of a) a carbonaceous, bentonitic mudstone sequence, b) a 
lenticular, yellowish gray, carbonaceous sandstone, c) a 
locally silicified, carbonaceous bentonitic mudstone and gray 
sandstone, and d) a sandstone with a polymictic conglomerate 
(Torchlight sandstone of Greybull-Basin area). These middle 
Frontier sandstones are generally less well-sorted than those 
of the Peay (lower Frontier)/ although the grain size 
coarsens up section within middle Frontier sandy sequences. 
In addition, the middle Frontier sandstones consist of low-
angle, trough cross-stratification, plant debris, and thin 
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beds of lignite. 
The upper Frontier unit (lithotype "a") is composed of 
thick beds of fine to medium-grained sandstone. Ripple-
bedding is common in this unit. Carbonaceous shale, 
sideritized mudstone, root traces, and plant remains are 
frequently observed within this unit. Small horizontal to 
inclined burrows (Ophiomorpha) are encountered in the 
southwestern Powder River Basin. This sandstone sequence is 
present in the Sheridan, Thermopolis, Big Trails, and 
Arminto-Buffalo areas (Figure 51). 
The lower (Peay and equivalent units), middle, and upper 
Frontier sandstones in north-central Wyoming consist of 
subequal amounts of quartz and rock fragments and subordinate 
amounts of feldspar. 
The rock fragment fraction is almost entirely composed of 
chert and other sedimentary grains, and these are identical 
in lithologie characteristics to upper Paleozoic rocks 
exposed in the thrust belt. Many chert grains contain sponge 
spicules, foraminifera, radiolaria, and brachiopods. The 
Tensleep (Pennsylvanian) and Phosphoria formations (Permian) 
were the likely sources for much of this material (Goodell, 
1962) . 
Polycrystalline quartz grains probably also had a 
sedimentary source because these are identical to the matrix 
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of clasts containing fossils. A few metamorphic grains are 
present; these could also have been derived from the thrust 
belt. Volcanic grains are not uncommon (Figures 52-53), 
especially in the middle Frontier unit, but those present and 
some of the feldspar may have been derived from the Idaho 
batholith, which was an active magmatic arc during the mid-
Cretaceous (McGookey et al., 1972). 
The feldspar is dominantly plagioclase. The presence of 
zoning which might prove a volcanic origin is not evident in 
all of these with the exception of middle Frontier 
sandstones. Most feldspar grains are too altered or have 
undergone dissolution to such a degree that zoning could not 
be recognized. Zircon, monazite, rutile, staurolite, 
hornblende, kyanite, and magnetite are the common accessory 
heavy minerals. 
Although the same detrital components are present in all 
the analyzed Frontier sandstones, the relative abundances of 
components in the Peay, middle, and upper Frontier sandstone 
are very different (Figures 54 through 56). The Peay 
sandstone (Table 13) is more quartzose than middle (Table 14) 
and upper Frontier sandstones (Table 15) and has fewer rock 
fragments (Figure 58). Point counts show that the middle and 
upper sandstone are about 5 to 10% richer in rock fragments 
Figure 52. Microphotograph of Torchlight sandstone (Lithotype "d"; 
middle Frontier unit) exhibiting poorly sorted framework 
including zoned plagioclase feldspar (P) and metamorphic 
fragments (M). The scale bar is 400 microns 
Figure 53. Microphotograph showing occurrence of euhedral, 
bipyramidal, doubly-terminating detrital quartz 
crystal (typical of volcanic origin) in 
Torchlight sandstone (Lithotype "d"). The scale 
bar is 500 microns 
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than the Peay. These point counts give the present 
distribution of components and not original depositional 
distributions because of the effects of post-burial 
processes. In particular, many unstable grains were observed 
to have undergone dissolution. Calcite replaced many rock 
fragments and feldspar grains during diagenesis (Figure 57). 
Because these effects appear more pronounced in the 
Torchlight sandstone (lithotype "d" of middle Frontier unit), 
diagenesis apparently has lessened the compositional 
differences between the sandstones from the two environments 
(Khandaker and Vondra, 1907) . Hence, it is assumed that the 
comparison of point-count data (Tables 13 through 15) 
reflects real differences, but only gives minimum values for 
them. The difference between abundances of feldspar or mica 
in the two sandstones is too small. Diagenesis has affected 
these minerals to the extent that their relative abundances 
are insignificant. 
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DETRITAL MODES 
Detrital (QFL, where Q=Quartz F=Feldspar L=Lithics or 
rock fragments) modes of sands and ancient sandstone vary 
according to provenance types as governed by tectonic setting 
(Dickinson and Suczek, 1979; Ingersoll, 1970; Roser and 
Korsch, 1988). All of the analyzed sandstone samples are 
typical of a "recycled orogen" (Figure 59; using Dickinson 
and Suczek's 1979 diagram). Note that on Figure 55, the 
samples of the Torchlight sandstone from the Cody area plot 
nearest to the "dissected arc" field, yet not in the field. 
While glancing at the QFL (Quartz-Feldspar-Lithics ternary 
diagram) plots, several interesting sedimentological 
conclusions can be drawn. All the analyzed sandstones show a 
general decreasing trend in terms of unstable constituents 
(feldspars and lithics or rock fragments) when traced from 
Cody to Tensleep (Figure 55). Peay sandstone samples 
apparently seem to follow this general trend even south of 
Tensleep; however. Torchlight (Table 14) and upper Frontier 
sandstones (Table 15) do not exhibit this trend to the south 
beyond Tensleep. The total average content of quartz, rock 
fragments (lithics) and feldspar for the Torchlight and 
subunit "a" around Tensleep, Big Trails, and Thermopolis are 
PEAY SANDSTONE 
(LOWER FRONTIER) 
V 2JL 
Figure 54. QFL ternary plot showing composition of the Peay 
sandstone (lower Frontier unit) and upper Frontier 
sandstone. Q:Quartz, F : Feldspar, and LiLithics 
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sandstone at Tensleep, Thermopolls, Big Trails, and 
Kaycee-Mayoworth localities 
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Table 13. QFL analyses of Peay sandstone (lower Frontier 
unit) . Q • % quartzose grains, F • % feldspar 
grains, and L • % rock fragments. 
Sample# QFL Totals Q/F Q/L 
Gody, Bighorn Basin 
1 47.24 22.11 30.66 100.00 2.14 1.54 
2 50.67 20.43 28.90 100.00 2.48 1.75 
3 42.89 25.46 31.65 100.00 1.68 1.36 
Sheridan (Powder River fiaainl z Bridger (Biahom Basin) 
4 47.78 22.15 30.07 100.00 2.16 1.59 
5 53.64 19.06 27.30 100.00 2.81 1.96 
Grevbuli-Shell, Bighorn Baaln 
6 55.02 20.77 24.21 100.00 2.65 2.27 
7 56.54 16.85 26.61 100.00 3.36 2.12 
8 52.24 24.39 23.37 100.00 2.14 2.24 
9 56.06 18.11 25.83 100.00 3.10 2.17 
10 55.00 21.18 23.83 100.00 2.60 2.31 
Thermopolia-Hamilton Dome. Biahom Basin 
11 60.50 16.58 22.92 100.00 3.65 2.64 
12 61.20 14.38 24.41 100.00 4.26 2.51 
TensleePf Biahom Basin 
13 61.46 17.05 21.50 100.00 3.60 2.86 
14 57.09 19.80 23.11 100.00 2.88 2.47 
15 61.55 15.61 22.84 100.00 3.94 2.69 
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Table 13. (continued) 
Sample# Q F L Totals Q/F Q/L 
Sigcrails, Blahom Sasin 
16 66.70 9.23 24.07 100.00 7.23 2. 77 
17 64.02 15.92 20.06 100.00 4.02 3. 19 
18 63.27 13.50 23.22 100.00 4.69 2. 72 
Kaycee-Mayoworthi Powder River saain 
19 68.34 10.43 21.22 100.00 6.55 3.22 
20 68.24 6.70 25.06 100.00 10.19 2.72 
avg 57.47 17.49 25.04 100.00 3.81 2.35 
avg+Sd 64.60 22.42 28.27 100.00 5.87 2.88 
avg-Sd 50.34 12.55 21.81 100.00 1.74 1.83 
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QFL analyses of the middle Frontier sandstones 
including Torchlight sandstone and eauivalents. 
Q - % quartzose grains, F - % feldspar grains, 
and L " % rock fragments. 
Sample# Q F L Totals Q/F Q/L 
CodyI Bighorn Basin 
1 41.96 26.17 31.87 100.00 1.60 1.32 
2 44.93 25.41 29.67 100.00 1.77 1.51 
3 50.56 21.65 27.79 100.00 2.34 1.82 
4 43.47 26.78 29.76 100.00 1.62 1.46 
5 47.64 24.50 27.86 100.00 1.94 1.71 
6 46.98 27.66 25.35 100.00 1.70 1.85 
1 51.29 20.78 27.93 100.00 2.47 1.84 
8 48.58 26.89 24.53 100.00 1.81 1.98 
9 52.36 21.93 25.71 100.00 2.39 2.04 
10 45.09 29.15 25.76 100.00 1.55 1.75 
11 44.78 27.68 27.54 100.00 1.62 1.63 
12 47.33 28.58 24.09 100.00 1.66 1.96 
13 50.68 22.26 27.06 100.00 2.28 1. 87 
14 48.53 28.47 23.00 100.00 1.70 2.11 
15 50.00 26.55 23.45 100.00 1.88 2.13 
16 51.05 23.45 25.50 100.00 2.18 2.00 
17 45.15 25.80 29.05 100.00 1.75 1.55 
18 41.61 27.11 31.28 100.00 1.53 1.33 
19 43.43 25.92 30.64 100.00 1.68 1.42 
20 46.83 30.32 22.86 100.00 1.54 2.05 
avg 47.11 25.85 27.03 100.00 1.85 1.77 
avg+Sd 50.36 28.52 29.80 100.00 2.16 2.03 
avg-Sd 43.87 23.18 24.27 100.00 1.54 1.50 
:eybuH-Shell. Biohorn Basin 
1 52.76 16.23 31.01 100.00 3.25 1.70 
2 57.06 14.76 28.19 100.00 3.87 2.02 
3 59.71 10.05 30.24 100.00 5.94 1.97 
4 52.57 16.19 31.24 100.00 3.25 1.68 
5 59.65 14.26 26.08 100.00 4.18 2.29 
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Table 14. (continued) 
Sa.T.ple# q f  l  Totals q/ f  q / l  
Grevbuil-Shell, Siahom Sasln 
6 62.73 11.71 25.56 100.00 5.36 2.45 
7 60.41 15.44 24.15 100.00 3.91 2.50 
8 52.92 15.15 31.93 100.00 3.49 1.66 
9 54.16 12.42 33.41 100.00 4.36 1.62 
10 51.37 16.97 31.66 100.00 3.03 1.62 
11 57.04 12.95 29.22 100.00 4.47 1.98 
12 59.95 12.48 27.57 100.00 4.80 2.17 
13 54.70 14.95 30.35 100.00 3.66 1.80 
14 58.46 13.81 27.72 100.00 4.23 2.11 
15 56.07 17.76 26.17 100.00 3.16 2.14 
16 55.31 17.37 27.32 100.00 3.18 2.02 
17 60.82 11.57 27.61 100.00 5.26 2.20 
18 58.26 15.21 26.53 100.00 3.83 2.20 
19 53.95 11.09 34.96 100.00 4.86 1.54 
20 63.78 10.26 25.96 100.00 6.22 2.46 
avg 57.12 14.03 28.84 100.00 4.22 2.01 
avg+Sd 60.71 16.39 31.74 100.00 5.16 2.31 
avg-Sd 53.54 11.67 25.95 100.00 3.27 1.70 
Sheridan (Powder fiiyex Saainl - Bridoer (Bighorn saain) 
1 49.42 18.64 31.94 100.00 2.65 1.55 
2 53.36 20.06 26.59 100.00 2.66 2.01 
3 56.02 18.95 25.03 100.00 2.96 2.24 
4 56.13 15.80 28.06 100.00 3.55 2.00 
5 59.55 18.29 22.16 100.00 3.26 2.69 
1 
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Table 14. (continued) 
Sample# Q F L Totals Q/F Q/L 
Sheridan (Powder aiitar Sasin) - Bridaer (Biohom Basin) 
6 57.34 14.23 28.43 100.00 4.03 2.02 
7 57.01 10.71 32.27 100.00 5.32 1.77 
8 51.96 19.48 28.57 100.00 2.67 1.82 
9 50.31 20.10 29.59 100.00 2.50 1.70 
10 55.18 14.03 30.79 100.00 3.93 1.79 
11 52.04 22.03 25.93 100.00 2.36 2.01 
12 49.48 14.27 36.26 100.00 3.47 1.36 
13 51.44 16.63 31.93 100.00 3.09 1.61 
14 54.40 20.26 25.34 100.00 2.69 2.15 
15 59.66 14.46 25.89 100.00 4.13 2.30 
16 54.64 16.83 28.54 100.00 3.25 1.91 
17 51.97 21.47 26.56 100.00 2.42 1.96 
18 57.08 13.97 28.95 100.00 4.09 1.97 
19 52.64 22.29 25.07 100.00 2.36 2.10 
20 53.26 15.05 31.69 100.00 3.54 1.68 
avg 54.14 17.38 28.48 100.00 3.25 1.93 
avg+Sd 57.22 20.61 31.80 100.00 4.02 2.23 
avg-Sd 51.07 14.14 25.16 100.00 2.47 1.64 
Tensleegr Bighorn Baain 
1 77.89 8.81 13.30 100.00 8.84 5.86 
2 66.05 13.58 20.37 100.00 4.86 3.24 
3 60.75 17.96 21.29 100.00 3.38 2.85 
4 69.21 12.09 18.70 100.00 5.72 3.70 
5 73.14 10.79 16.06 100.00 6.78 4.55 
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Table 14. (continued) 
Sample# Q F L Totals Q/F Q/L 
Tensleep, Slghorn Saala 
6 68.11 14.95 16.94 100.00 4.56 4.02 
7 67.10 15.95 16.96 100.00 4.21 3.96 
8 62.61 13.61 23.78 100.00 4.60 2.63 
9 65.71 14.17 20.12 100.00 4.64 3.27 
10 72.65 9.78 17.57 100.00 7.43 4.13 
11 71.16 12.01 16.83 100.00 5.93 4.23 
12 60.50 14.21 25.29 100.00 4.26 2.39 
13 68.62 11.05 20.32 100.00 6.21 3.38 
14 68.89 6.18 24.94 100.00 11.15 2.76 
15 76.39 7.46 16.15 100.00 10.24 4.73 
16 74.74 8.11 17.15 100.00 9.22 4.36 
17 68.95 11.67 19.38 100.00 5.91 3.56 
18 61.97 13.22 24.81 100.00 4.69 2.50 
19 65.33 16.28 18.39 100.00 4.01 3.55 
20 64.48 9.33 26.19 100.00 6.91 2.46 
avg 68.21 12.06 19.73 100.00 6.18 3.61 
avg+Sd 73.23 15.21 23.36 100.00 8.38 4.50 
avg-Sd 63.20 8.91 16.09 100.00 3.98 2.71 
•ermoDolla i-Hamilton Dome. Biohorn Baain 
1 51.51 19.19 29.30 100.00 2.68 1.76 
2 53.75 18.22 28.02 100.00 2.95 1.92 
3 55.95 16.67 27.39 100.00 3.36 2.04 
4 60.69 14.44 24.87 100.00 4.20 2.44 
5 56.96 20.17 22.87 100.00 2.82 2.49 
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Table 14. (continued) 
Sample# Q F L Totals Q/F Q/L 
TherX.QPQlis-Kamiltgn Dome, Biahom Basin 
6 57.40 16.72 25.88 100.00 3.43 2.22 
7 54.94 20.58 24.48 100.00 2.67 2.24 
8 53.46 21.89 24.65 100.00 2.44 2.17 
9 56.11 20.56 23.33 100.00 2.73 2.41 
10 52.34 22.42 25.25 100.00 2.33 2.07 
11 50.95 21.83 27.22 100.00 2.33 1.87 
12 52.59 25.04 22.37 100.00 2.10 2.35 
13 56.17 19.37 24.46 100.00 2.90 2.30 
14 53.85 21.19 24.96 100.00 2.54 2.16 
15 53.03 21.67 25.30 100.00 2.45 2.10 
16 55.05 20.27 24.67 100.00 2.72 2.23 
17 55.77 19.75 24.48 100.00 2.82 2.28 
18 59.12 18.63 22.25 100.00 3.17 2.66 
19 55.49 21.74 22.78 100.00 2.55 2.44 
20 52.72 25.63 21.66 100.00 2.06 2.43 
avg 54.89 20.30 24.81 100.00 2.76 2.23 
avg+Sd 57.39 22.96 26.83 100.00 3.26 2.45 
avg-Sd 52.39 17.63 22.79 100.00 2.26 2.00 
otraila. Biohorn Basin 
1 58.76 15.34 25.90 100.00 3.83 2.27 
2 62.53 12.88 24.59 100.00 4.85 2.54 
3 56.81 15.96 27.23 100.00 3.56 2.09 
4 59.63 18.99 21.38 100.00 3.14 2.79 
5 57.85 16.59 25.56 100.00 3.49 2.26 
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Table 14. (continued) 
Sample# Q F L Totals Q/F Q/L 
SigtrailSf Biahom Basin 
6 61.22 12.96 25.82 100.00 4.72 2.37 
7 63.60 9.31 27.09 100.00 6.83 2.35 
8 60.06 16.15 23.77 100.00 3.72 2.53 
9 58.76 13.36 27.86 100.00 4.40 2.11 
10 59.88 14.55 25.57 100.00 4.12 2.34 
11 62.77 11.39 25.85 100.00 5.51 2.43 
12 58.16 16.20 25.64 100.00 3.59 2.27 
13 60.37 13.57 26.06 100.00 4.45 2.32 
14 59.43 14.32 26.25 100.00 4.15 2.26 
15 58.71 13.22 26.08 100.00 4.44 2.09 
16 70.43 8.01 21.57 100.00 6.79 3.27 
17 59.39 15.96 24.64 100.00 3.72 2.41 
18 61.42 11.50 27.08 100.00 5.34 2.27 
19 58.80 14.95 26.25 100.00 3.93 2.24 
20 64.18 8.86 26.96 100.00 7.24 2.38 
avg 60.64 13.70 25.66 100.00 4.69 2.38 
avg+Sd 63.67 16.52 27.45 100.00 6.13 2.65 
avg-Sd 57.61 10.68 23.87 100.00 3.25 2.11 
Kavcee-Mayoworth, 2S3MSiStI. River Baain 
1 73.09 9.24 17.68 100.00 7.91 4.13 
2 71.86 8.27 19.87 100.00 8.69 3.62 
3 77.37 5.80 16.84 100.00 13.34 4.59 
4 74.54 8.86 16.60 100.00 8.41 4.49 
5 77.12 3.53 19.35 100.00 21.65 3.99 
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Table 14. (continued) 
Sample# Q F L Totals Q/T Q/L 
KaVCee-MaVQWOrtht River Basin 
6 71.00 5.98 23.02 100.00 11.87 3.08 
7 73.66 11.43 14.91 100.00 6.44 4.94 
8 69.80 9.33 20.88 100.00 7.48 3.34 
9 74.29 7.50 18.21 100.00 9.91 4.08 
10 72.68 8.69 18.62 100.00 8.36 3.90 
11 68.05 12.99 18.96 100.00 5.24 3.59 
12 74.24 7.29 18.47 100.00 10.18 4.02 
13 71.10 10.81 18.09 100.00 6.58 3.93 
14 77.04 5.74 17.23 100.00 13.42 4.47 
15 71.69 8.79 19.52 100.00 8.16 3.67 
16 71.78 7.05 21.17 100.00 10.18 3.39 
17 70.21 10.68 19.11 100.00 6.57 3.67 
18 74.44 6.63 18.92 100.00 11.23 3.93 
19 "2.20 5.70 22.10 100.00 12.67 3.27 
20 68.34 8.52 23.14 100.00 8.02 2.95 
avg 72.72 8.14 19.13 100.00 9.83 3.85 
avg+Sd 75.40 10.43 21.26 100.00 13.51 4.37 
avg-Sd 70.05 5.85 17.01 100.00 6.14 3.33 
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Table 15. QrL analyses of the upper Frontier sandstone. 
Q - % quartzose grains, F - % feldspar grains, 
and L • % rock fragments 
Sample# Q F L Totals Q/F Q/L 
ThermOPQliSf Bighorn Basin 
1 46.91 20.57 30.52 100.00 2.30 1.60 
2 54.55 16.05 20.60 100.00 3.24 1.91 
3 55.79 21.46 22.75 100.00 2.60 2.45 
4 55.50 19.22 25.27 100.00 2.69 2.20 
5 60.10 13.53 26.37 100.00 4.44 2.26 
6 55.67 22.16 22.17 100.00 2.51 2.51 
7 55.52 21.10 23.30 100.00 2.63 2.37 
8 56.55 10.71 24.73 100.00 3.02 2.29 
lenaieep, Bighorn Basin 
9 51.12 20.95 27.93 100.00 2.44 1.63 
10 54.91 10.96 26.13 100.00 2.90 2.10 
11 64.55 15.27 20.10 100.00 4.23 3.20 
12 60.67 10.12 21.21 100.00 3.35 2.66 
Slqtraiia' -Arminco 
13 66.14 14.35 19.51 100.00 4.61 3.39 
14 64.00 17.00 19.00 100.00 3.76 3.37 
15 72.32 7.66 20.02 100.00 9.44 3.61 
16 66.96 12.64 20.19 100.00 5.21 3.32 
avg 50.95 17.42 23.62 100.00 3.73 2.56 
avg+Sd 65.30 21.32 27.20 100.00 5.46 3.21 
avg-Sd 52.61 13.52 20.04 100.00 1.90 1.95 
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69:19:12, 60:26:14, and 55:25:20, respectively. Aside from 
this variation, the QFL mode consistently follows the general 
decreasing pattern again from Big Trails to the Kaycee-
Mayoworth region (Figure 56). 
These characteristic differences in QFL mode have 
significant implications concerning provenance and the 
geometry of the depositional basin. The Peay sandstone, with 
its generally consistent pattern in QFL (Table 13) from Cody 
to Kaycee-Mayoworth, demonstrates the presence of a 
depositional basin with very little topographic or structural 
irregularity and a homogeneous upland source area to the 
northwest. On the contrary, local intrabasinal control in 
the form of intraforeland uplifts associated with a 
dissimilar source terrain to the northwest must have exerted 
tremendous control on the establishment of final mineralogy 
for Torchlight and upper Frontier ("a") sandstones. 
Assuming a similar source region for all of the analyzed 
sandstones deposited in this unique foreland basin setting, 
one would expect a distinct trend for all of the sandstones. 
However, local variation in Quartz/Feldspar and 
Quartz/Chert ratio around Thermopolis and Big Trails (Figure 
60) suggest local intrabasinal contribution in addition to an 
extrabasinal source in the upland region to the northwest. 
Local positive areas (structural or topographic highs) 
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emergent around Thermopolis and Big Trails largely diluted 
the middle Frontier sandstone composition. The possible 
source area could have been in the general neighborhood of 
Precambrian Owl Creek region. This hypothesis is supported 
by an increase in feldspar content (average: 20%) for Middle 
Frontier sandstones around Thermopolis-Big Trails region 
(Figure 56). The Precambrian Owl Creek complex is dominated 
by granitic rocks and the increase in feldspar content could 
be due to release of plutonic feldspar from this complex to 
the adjoining basin. 
Of course, one might argue about the possible adverse 
effect of diagenesis on the observed variability in feldspar 
and rock fragment content around this region. However, 
pétrographie and selective trace-element data suggest that 
all of the analyzed sandstones were subjected to moderate to 
a high degree of diagenesis. In fact, the Torchlight and 
upper Frontier ("a") sandstones were affected more than the 
Peay sandstone, because they contained a greater abundance of 
chemically unstable mineral grains. Following this logic, 
one should have observed a substantially lesser amount of 
unstable constituents in the Torchlight and upper Frontier 
sandstones. This strongly suggests that the initial 
abundance of chemically unstable components was substantially 
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higher in the middle and upper Frontier sandstone and that 
the process of diagenesis was not able to significantly alter 
these framework grains. 
Implications of the Sandstone Composition 
Two reasons for variance in quartz and rock fragment 
(lithics) percentages are proposed: 
(1) Point-bar and other fluvial environments acted as 
filters. They selectively trapped the coarsest, more rock-
fragment-rich sand-to-pebble-size material and much of the 
finer grained muds, but passed the fine - and very fine­
grained, more quartzose sand fraction (Peay sandstones) to 
the sea. 
(2) Many softer rock fragments, once they reached the 
ocean, were abraded and destroyed by wave action. It is not 
clear whether the quartzose nature of the sandstones of marine 
bars resulted from reworking in an offshore setting or 
reworking on a beach with subsequent deposition on a sand 
ridge. 
Both of these processes appear to be important in 
accounting for differences within the Frontier sandstones. 
The effect of wave action is indicated, because within the 
same grain-size classes, marine sandstones are richer in 
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quartz and have fewer rock fragments (Figure 58). It is not 
unexpected to find lesser amounts of chert and other 
polycrystalline quartz in the marine Peay sandstone 
considering their direct contact with the Cretaceous surf 
region. Polycrystalline quartz is less stable than 
monocrystalline quartz because of structural weakness at 
crystal contacts, along microfractures, and along zones of 
mineral impurities (Basu et al., 1975/ Middleton, 1960/ 
Young, 1976/ Milliken et al., 1989/ Blatt and Christie, 1963 
Blatt, 1967) and hence extremely vulnerable to breakdown in 
high-energy shoreline setting. Kuenen (1964) concluded from 
experimental results that even moderate to low surf action 
could wear down chert. Blatt (1967) suggested that 
polycrystalline quartz is probably less stable than many 
polyminerallic rock fragments. 
Figure 57. Photomicrograph of detrital quartz (Q) showing 
scalloped edges (typical of calcite replacement) in 
Torchlight sandstone. Scale bar is 300 microns 
Figure 58. Photomicrograph of Peay sandstone showing abundant 
quartz (Q) and fewer rock fragments (R). Scale bar 
is 200 microns 
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SANDSTONE DIAGENESIS 
Diagenesis is a function both of original differences in 
composition and sedimentary texture. These factors largely 
controlled the degree to which sandstones were affected by 
diagenetic processes (McBride, 1989a; Schwab, 1975; Smosna, 
1989; Tillman and Almon, 1979). Compaction, neoformation or 
overgrowth of clay, formation of quartz rims, grain 
dissolution, calcite precipitation and replacement, and the 
subsequent dissolution of carbonate minerals appear to be the 
most important processes. It has not been possible to 
estimate depths or temperatures at which these occurred, but 
the general sequence of events has been determined by 
pétrographie criteria such as the order of infilling of pores 
and by replacement relationships. 
The fine-grained Peay sandstone facies (lower Frontier) 
display the pronounced effect of compaction. Compaction 
largely destroyed permeability in these sandstones by 
squeezing soft rock fragments, detrital mica, mudclasts, and 
clays between more rigid grains (Figure 61). Much of the 
clay was mixed into these sands before burial by burrowing 
organisms (Figure 5). Evidence such as the absence of 
significant grain dissolution and lack of extensive quartz 
Figure 61. Photomicrograph of the Peay sandstone (lower Frontier 
unit) showing pronounced effect of compaction. 
Compaction largely destroyed permeability by squeezing 
soft rock fragments between rigid quartz grains (Q). 
The scale bar is 175 microns 
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and calcite precipitation suggests that the fine-grained 
sands were not exposed to as great a volume of diagenetic 
fluids as were the originally more porous and permeable 
sandstones. 
Quartz overgrowths were very effective at destroying 
porosity in the more quartzose sandstone (Figure 58). 
Because quartz generally grows on monocrystalline quartz 
grains in preference to other lithic grains, including chert 
and microcrystalline quartz (McBride, 1989b), the silica-rich 
fluids passing through the porous rocks affected the more 
quartzose, marine Peay sandstones to a greater extent than 
the transitional marine to fluvial Torchlight sandstones 
(compare Figure 52 to Figure 58). Permeability and porosity 
in the Peay sandstones were largely destroyed during this 
stage. 
Fluids subsequently passing through the sandstones 
dissolved clasts and clay, replaced grains with calcite (and 
some siderite), and precipitated calcite in pores. 
Feldspars, detrital micas, authigenic clay patches, and rock 
fragments - including chert - were more susceptible to 
dissolution and replacement than monocrystalline quartz. 
Torchlight sandstones were affected more than Peay sandstones 
because they contained a higher proportion of these 
chemically unstable grains. 
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In addition, Torchlight sandstones had fewer pores filled 
with early diagenetic silica, and therefore also experienced 
a greater fluid migration during this stage. By itself, this 
probably resulted in more calcite filling pore spaces and 
also in more grains being replaced by calcite. Permeability 
and porosity in the Torchlight sandstones appear to be 
largely the result of later dissolution of diagenetic calcite 
(Figure 57). 
Although many of the porous and permeable zones have 
little or no calcite in them now, most likely calcite was 
once more widely distributed, as shown by pétrographie 
evidence. Patchy areas of calcite remain, and clastic 
grains with scalloped edges (typical of calcite replacement) 
are abundant (Figure 57). Dissolution of grains during this 
stage is also shown by textures common in the Torchlight 
sandstones such as remnant grains, clay outlines on dissolved 
clasts, extreme angular protuberances on clasts, and outsized 
pores. It is impossible to estimate the volume of grains 
that dissolved without being replaced, as well as the amount 
of porosity that existed during the calcite precipitation 
stage. Torchlight sandstones may always have had significant 
porosity. Late-stage diagenetic effects include the 
continued growth of quartz and the formation of kaolinite. 
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Chemical Constraints on Diagenesis and Provenance 
Apparently, the sandstones are mineralogically 
reconstituted. We believe that they have not undergone very 
deep burial diagenesis. Garcia (1978) showed that certain 
elements (particularly trace elements) remain relatively 
immobile during alteration of magmatic arc rocks. Thus as a 
check on remobilization, the writer has included selected 
trace elements in the analyses. These confirm that Ti (1500-
1700 ppm) and Zr (50-80ppm) contents in all the Frontier 
sandstones are not likely to have been significantly altered. 
Minor variations in trace element concentration including Rb 
(45-65ppm) and Ba (600-800ppm) in Frontier sandstones 
indicate mobility of at least some components during 
diagenesis which further document the variable intensity of 
diagenesis in the Frontier sandstone. 
In addition, immobile elements (Zr, Ti) of the Frontier 
sandstones strongly overlap with respect to each other and 
suggest that not only was there a common provenance, but 
there was little sorting during transport associated with the 
Torchlight and upper Frontier sandstones. Note that if the 
immobile trace elements for the individual sandstone had been 
different, this would not simply prove a different 
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provenance. Differences in immobile element abundance could 
be due to density sorting (heavy mineral variability), or 
excessive chemical alteration. However, based on similar 
heavy mineral assemblages and absence of evidence of deep-
burial diagenesis of the Frontier sandstones, a common 
northwesterly provenance coupled with successively increasing 
contribution from the Cretaceous magmatic arc (southwestern 
Montana) and intraforeland uplifts have been suggested. Note 
that QFL plots (Figures 54 through 56) did not clearly 
demonstrate this provenance interpretation. Intrabasinal 
input plus variable diagenetic stages between Frontier 
sandstones, to some extent, have masked the original source 
terrain composition. However, the immobile trace element 
data (Figure 62) of the whole-rock sandstone certainly argue 
for a magmatic arc source, which became extremely significant 
in the uppermost part of the Torchlight sequence (Torchlight 
polymictic conglomerate). 
The analyzed data, when compared with various volcanic and 
sedimentary rock chemographic plots, conclusively support arc 
provenance (see also Roser and Korsch, 1988) . Given the same 
general provenance, except for intrabasinal sources, the 
Frontier sandstones show a varied assemblage of contribution 
comprising a) Paleozoic sedimentary rocks of the Sevier fold-
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in Torchlight sandstone 
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and-thrust belt, b) low-rank metamorphics (Precambrian), and 
c) Cretaceous silicic-intermediate-type volcanics. The Peay 
sandstones represent a and b with minor contribution from c; 
in contrast, the middle and the upper Frontier sandstones 
represent contributions from all of these genetically 
different and varied rock assemblages, hence suggesting rapid 
unroofing, rapid transport, and sedimentation in a rapidly 
subsiding, partitioned foreland basin. Thus due to the 
immature nature of the Torchlight sandstones, their chemical 
compositions give good approximations of the nature of the 
eroding area. In addition, analyses of the associated 
polymictic conglomerates and bentonites (see chapters II & 
III) provide significant information concerning the nature of 
contemporaneous volcanism and the paleo-tectonic setting. 
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CONCLUSIONS 
The sandstone petrology data reveal several significant 
tectonic, provenance, and sedimentological aspects. The data 
clearly demonstrate the influence of the local morphotectonic 
setting on sediment composition, and lateral as well as 
vertical variation in sandstone geometry. Preservation of 
rock fragments is a function of the grain-size of the 
sandstone, local basinal structure, and within-basin 
dilution. Relatively coarse-grained sandstones of the middle 
and upper Frontier sandstones contain increasingly greater 
amounts of rock fragments. This relationship is also 
justified by the presence of a prominent regressive cycle 
within the middle and upper Frontier units. Furthermore, the 
gradual evolution of the source terrain from sedimentary to a 
volcanic and mixed sedimentary - low-rank metamorphic 
province is largely overprinted on the sandstone composition. 
This overprinting is amply demonstrated by the vertical 
variability of the detrital sandstone mode. Finally, 
dispersal of a compositionally similar sandstone with 
volcanic components in both the Bighorn and Powder River 
Basins implies that rapid unroofing must have taken place in 
the source area to supply detritus to a rapidly subsiding 
foreland basin. 
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GENERAL CONCLUSIONS 
Field and compositional data including pétrographie and 
trace-element data, pertaining to Upper Cretaceous Frontier 
Formation sediments in north-central Wyoming bring to light 
several significant and critical aspects of provenance, 
source terrain evolution, auto- and allocyclic controls on 
foreland basin sediments, and paleobathymetry of the 
depositional basin. 
A northwesterly proximal source comprised of dissected 
crystalline basement rocks, Paleozoic sediments of the Sevier 
fold-and-thrust-belt and Upper Cretaceous continental arc-
related intermediate volcanic rocks provided the detritus for 
the Frontier Formation. However, the proportion of 
individual source-components varies significantly with 
respect to various Frontier sedimentary packages. There is a 
general preponderance of volcanic and crystalline basement 
source-components in the middle and upper Frontier units. 
This provenance aspect has significant tectonic 
implications inasmuch as it indicates that Precambrian 
Beartooth crystalline rocks must have been exposed during 
Frontier time (ca. 90-85 Ma). That in turn means that 
significant erosion of the Paleozoics must have occurred 
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before Frontier deposition in the Beartooth. region. 
It further supports the contention of an earlier episode 
of Laramide Uplift in close proximity to the foreland basin. 
This earlier episode, in conjunction with Late Cretaceous 
andesitic volcanism in southcentral Montana, reactivated a 
northwest-trending lineament; the latter provided a 
significant control for the dispersal of extrabasinal 
detritus (Torchlight conglomerate) and prevented the lateral 
growth of the volcaniclastic sequence. In addition, a master 
stream flowing along this lineament transported the 
extrabasinal detritus a few hundred kilometers into the 
adjoining foreland basin. This characteristic dispersal of 
extrabasinal detritus documents sedimentary responses to the 
tectonic partitioning of the western interior foreland basin. 
The geochemical nature of the volcanic and sedimentary 
constituents of the Frontier Formation strongly reflect a 
varied source-terrain evolution. Bentonite and andesite 
clast data from the lower and middle Frontier, respectively, 
provide a tight constraint on the chacterization of the 
source region and indicate progression from homogeneous 
silica-undersaturated magmas (lower Frontier) to consistently 
silica-saturated magmas (middle Frontier) with time. This 
vertical progression in magma composition with time also 
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signifies an increase in the degree of partial melting and a 
decrease of crustal involvement with time. 
The overall complex facies relationships within the 
Frontier Formation document a major transgressive phase at 
its base followed by a dominantly regressive phase in the 
middle and upper parts. A trangressive phase marks the 
contact with the overlying Cody Shale. Local variation in 
terms of sediment thickness, composition and ichnofossil 
assemblage reflects the presence of intraforeland uplifts, 
dilution from such local highs, and variable paleobathymetry 
of the depositional medium. 
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